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When quenching heat treatable aluminium alloys, the interior of a sample cools at a 
different rate than that of the surface. Post quench this usually forms a triaxial tensile 
stress in the interior and a biaxial compressive stress on the surface of the sample. These 
residual stresses can have sufficient magnitudes to cause distortion of parts when being 
machined. Uphill quenching is a thermal method that relieves residual stresses post 
conventional quenching. This technique maintains the dimensional properties of the 
sample, unlike mechanical procedures such as cold compression and stretching. Despite 
uphill quenching being a time consuming and expensive method it does have industrial 
applications, as it allows parts to maintain all of the desired mechanical properties 
associated with rapid quenching. Uphill quenching could be used on long aluminium 
aircraft simple geometric pieces such as rolled wing spars or extruded stringers.  
The aim of this study is to quantify the magnitude of residual stresses that can be 
relieved during a variation of uphill quenching heat treatment. The alloys tested are 
7000 series aluminium alloys. The uphill quenching method is cooling a test piece to 
-197 ℃ in liquid nitrogen post solution heat treatment and quenching, then rapidly 
reheating in boiling water or high pressure steam. This study added a variation to the 
standard uphill quench. The test piece was thermally constrained along its long axis 
during the reheating phase of uphill quenching. A simple rectilinear shaped test piece 
was chosen to ensure uniform stress redistribution. Cold compression tests were also 
performed as a comparison to the effects of constrained thermal expansion. Post 
quench delay experiments were done to see at what time would be the most optimal 
for mechanically relieving the test pieces of the residual stress magnitudes. The surface 
residual stresses were determined by X-ray diffraction using the sin2Ѱ method. Vickers 
hardness tests at varying temperatures and artificial ageing response tests were 
undertaken to study the mechanical properties during the reheating phase. Micro and 
hot caustic macro etching was carried out to see the shape, size and pattern of the 
microstructure of a test piece post an uphill quenching process.  
The thermally constrained uphill quenching methods using boiling water and steam 
were relieved on the surface about 60 and 66 % in the longitudinal orientation and 30 
and 38 % short transverse orientation respectively. The majority of this relief resulted 
from the physical constraint. Constrained uphill quenching gave better residual stress 
relief than standard uphill quenching practices. Cold compression results showed that a 
compression of 0.6 % is enough to relieve 90 % of surface residual stresses. Post quench 
delay showed no clear results other than keeping the time of mechanical relief constant. 
During the reheating phase of uphill quenching it is best to relieve as much residual 
stress within a minute of being subjected to elevated temperatures, as the test pieces 
start to artificially harden. Results are compared to finite element analysis simulations 
using Abaqus and available literature data.  
iii 
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Symbol Description Unit 
A Material dependent function - 
As Surface area m
2 
Ad Area of indent mm
2 
B Material constant - 
Bi Biot number - 
D Bolt nominal diameter m 
E Young’s modulus  N m2⁄  
F Force N 
FOS Factor of safety - 
HV Vickers hardness kgf mm2⁄  
K Bolt friction coefficient  - 
Lc Characteristic length  m 
L Length m 
T Temperature ℃ 
Ta Ageing temperature ℃ 
Tsm Temperature difference of surface and quenchant 
medium 
℃ 
V Volume m3 
P Bolt pre load force  N 
Pt Tensile load in axial direction kgf 
d Inter-planer spacing (d spacing) the perpendicular 
distance between adjacent parallel crystallographic 
planes 
Å 
dL  Average length of diagonals  mm 
dn Inter-planar spacing of planes normal to the surface Å 




h Heat transfer coefficient W m2℃⁄  
k Thermal conductivity W m℃⁄  
kb Boltzmann constant - 
m Parameter dependent on the dominant relaxation 
mechanism 
- 
ms Slope - 
q Heat flux W m2⁄  
ta Ageing time s 
αL linear thermal expansion coefficient - 
σb Bolt yield stress kgf mm
2⁄  
σy Yield stress Pa 
σRS Initial residual stress Pa 
σ0
RS Varying residual stress dependent on the ageing time Pa 
σRS Residual stress Pa 
σRSL  Longitudinal residual stress Pa 
σRSLT  Longitudinal transverse residual stress Pa 
σRSST  Short transverse residual stress Pa 
σΦ Single stress acting in a chosen direction Pa 
θ Angular position of the diffraction lines according to 
Bragg’s law 
° 
v Poisson’s ratio - 
τ Torque Nm 
λ Wavelength of the X-ray Å 
x ̄ average - 
∆ The difference between two values - 




Ψ Angle between the normal of the sample and the 
normal of the diffracting plane (bisecting the incident 
and diffracted beams) 
° 
Φ Angle between a fixed direction in the plane of the 
sample and the projection in that plane of the normal 





LIST OF ABBREVIATIONS 
Acronym Definition 
CUHQ Constrained uphill quenching 
FEA Finite element analysis 
L Longitudinal 
LT Longitudinal transverse 
PAG Polyoxyethylene glycol 
ST Short transverse 
UHQ Uphill quenching 
TEST PIECES REFERENCED IN THE TEXT 
Test 
Piece  





A 7449 30x20x148 0.24 CUHQ, UHQ and repeatability tests 
B 7075 44x82x120 1.2 Incremental cold compression 
C1-C4 7075 44x80x116.7 1.15 PQD attempt 1 and 2 
D 7449 42x88x100 1 Varying temperature hardness 
E 7449 32x8x50 0.035 Ageing response at 100 ℃ 
F 7449 80 x 24 x 127 0.68 Micro and hot caustic macro etching 
G1, G2 7449 / 
7075 
52x75x127 / 50x75x127 1.4 Repeatability tests 
Note: Test piece G1 cracked during multiple quenches and a new test piece G2 which 
was of a similar alloy and dimensions was chosen for replacement.  
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SPECIFICATION OF ALLOY CHEMISTRY OF MATERIAL REFERENCED TO 
IN THE TEXT 
Ref Alloy Al Cr Cu Fe Mg Mn Si Ti Zn Zr 




































(Tanner et al. 
2000) 
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Al–Zn–Mg–Cu 7000 series aluminium is a commonly used alloy series in the aerospace 
industry due to it having high strength properties (Tiryakioğlu et al. 2014). 7000 series 
aluminium alloys are used in many aircraft parts. Plate parts are used in upper wing 
covers, spars, ribs and other internal structures. Forged parts are used in wing and 
fuselage attachments. Extrusion parts are found in fuselage stringers and frames, upper 
wing stringers, floor beams and seat rails (Rambabu 2017).  
Residual stress magnitudes are formed when a sample is subjected to severe thermal 
gradients (Wang et al. 2005). When the surface of a sample heats or cools at a different 
rate than that of the interior it will result in an inhomogeneous plastic flow causing 
residual stresses (J.S. Robinson et al. 2012). Residual stress can be described as an 
internal balance of stresses without any external forces, thermal influence or physical 
constraints being applied to a material (Lados et al. 2010). Residual stresses can cause 
distortion and dimensional inaccuracy of a sample when machining, therefore it is 
important to minimize or relieve residual stresses when possible (Lim et al. 2014). J.S 
Robinson et al. (2012) and Lim et al. (2014) state how a material can form residual 
stresses and the effects that can occur if the magnitude of the residual stresses is large 
enough. High magnitudes of residual stress are produced as a by-product of rapid 
quenching. During this process the sample of aluminium will have a hot easily deformed 
plastic core surrounded by a harder and colder surface that is in contact with the 
quenchant. As the core of the sample cools further in the quench it will form a triaxle 
tensile stress that will induce a tensile plastic deformation and the surface will form a 
biaxial compression force (J.S. Robinson et al. 2012). The distribution of these residual 
stresses throughout the geometry of the sample can cause distortions or sometimes if 
the stresses are sufficient they can cause the sample to crack. With a build-up of large 
residual stresses, it may have a negative effect on the sample’s mechanical properties. 
Studies have shown that alloys with large residual stresses can lower the parts expected 
fatigue life and increase in stress corrosion cracking post ageing (Ding et al. 2019 ; Lim 
et al. 2014) (Ding et al. ; Lim et al. 2014)  
Uphill quenching (UHQ) is not a widely known process, the majority of known methods 
were developed and tested by Alcoa in the 1950’s (Mattos et al. 2017). UHQ is used to 
relieve residual stresses. During the UHQ process the sample is cooled uniformly after 
being quenched into a supersaturated solid state solution to a cryogenic temperature of 
-197 ℃ done with liquid nitrogen. The next phase is to heat the sample quickly using 
methods of either boiling water (100 ℃) while agitating or high pressure steam up to 
200 kPa (>100 ℃). This thesis explores the effects of constraining thermal expansion 
while a sample is also being uphill quenched. The effects of relief on residual stresses 
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with constrained thermal expansion are expected to have similar results to that of 
incremental cold compression experiments.  
Pellman et al. (1990) briefly describes the potential that UHQ has to be applied to 
complex geometrical shaped samples. However, it is limited by areas of the sample not 
being relieved evenly. Using boiling water as an uphill quenchant, areas of the sample 
may not be relieved due to a difference in thickness in sections. In the case of using 
steam as an uphill quenchant, areas of the sample may not be relieved evenly due to 
the directional nature of steam when exiting the nozzle (Pellman et al. 1990). Despite 
UHQ having the ability to relieve residual stresses in complex geometrical pieces, simple 
rectangular test pieces were used in this investigation. This was due to the constraint 
increasing in complexity with non-rectangular test pieces.  
There are other methods to relieve residual stresses such as stretching or compression 
which plastically deform the sample. Residual stresses can be relieved mechanically by 
plastically deforming a sample by either subjecting it to tensile, compressive or shear 
loads. Quenching methods such as immersing the sample into various water 
temperatures can achieve varying magnitudes of residual stress. These previously stated 
quenching methods do not produce high residual stresses as a cold water quench 
method (20 ℃) would. Polyoxyethylene glycol (PAG) quenching is widely used in 
industry, giving an even cooling distribution in a quench. Yet PAG solution has a low life 
cycle and the solution has a quick expiry date making it an expensive process over time 
with significant environmental impact (Chen et al. 2017).  
Cold compression is common practice for relieving residual stresses. Most studies 
indicate compression between a minimum of 2 and 2 ½ % of the original height of the 
test piece. This range originated in the 1950’s and hasn’t been subject to much change 
since (Robinson et al. 2018). However, there have been very few studies into what 
occurs to the residual stresses when compressed to levels below 1 % of the original 
height. Studies show that there could be an optimum time to machine or mechanically 
deform the part post quenching, named as post quench delay (Robinson et al. 2014a; 




A. Test pieces A (see Figure 1-1 and Figure 1-2) were used in the constrained uphill 
quenching (CUHQ) and UHQ experiments, see section 4.2.1 through to 4.2.4 for 
the procedures. These test pieces residual stresses were determined with X-ray 
diffraction, the results of which are in sections 6.3 through to 6.7. The CUHQ and 
UHQ experiments to achieve the temperature versus time curves of different 
phases of the experiment are reported in section 7. The test piece A had 6 
thermocouples attached to it, that were placed in important areas of heat 
transfer measurement. The thermocouples drilled into the test piece are 1.5 mm 
in diameter. Test pieces A were machined (water jet cutting, milled and ground) 
from a plate and was supplied by Alcan Aluminium Pechiney Aluval in the T651 
condition around 2006. These test pieces are linked to objectives 1, 5 and 6 in 
section 1.3. 
B. Test piece B (see Figure 1-1 and Figure 1-3) was used in the incremental cold 
compression experiments, see section 4.2.6 for the procedure. This test piece’s 
residual stresses were determined with X-ray diffraction, see section 6.8 for 
results. This test piece was supplied by Mettis Aerospace in the UK as a hot rolled 
plate. Previous experiments of layer removal were performed on the test piece 
but it was deemed still suitable for the cold compression experiments. This test 
piece is linked to objective 3 in section 1.3. 
C. Test pieces C1 – C4 see Figure 1-1 were used in the post quench delay by cold 
compression experiments, see section 4.2.7 for the procedure. The residual 
stresses were determined by X-ray diffraction, see results in section 6.9. They are 
forged blocks. Previous experiments of hole drilling were performed on two of 
the test pieces. These test pieces are linked to objective 3 in section 1.3. 
D. Test piece D (Figure 1-1) was subjected to varying temperature Vickers hardness 
tests, see section 4.2.8 for the procedure. Results were determined as explained 
in section 6.11. This test piece is linked to objective 4 in section 1.3. 
E. Test pieces E (Figure 1-1) were used in the artificial ageing response tests, see 
section 4.2.9 for the procedure of the experiment. The results are in section 6.12. 
These test pieces are linked to objective 4 in section 1.3. 
F. Test piece F (Figure 1-1) is used in the metallography experiments, see sections 
Appendix H.1 and Appendix I.1 for the procedures. This is a forged block and has 
been through a UHQ using steam process. See sections Appendix H and Appendix 
I for results.  
G. Test piece G (Figure 1-1) was used to determine the time temperature data of 
solution heat treatment and UHQ, see results in section Appendix D. This test 
piece has three type k thermocouples 1.5 mm in diameter. 
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Figure 1-1: Test pieces A , B, C1 – C4, D, E, F and G, respectively 
 
 
Figure 1-2: Test piece A coordinate system and grain orientation 
(B) (A) (C1 –C4) 




Figure 1-3: Test piece B coordinate system and grain orientation 
 OBJECTIVES 
1. To quantify the magnitude of the reduction in residual stress in parts subject to 
post heat treatment by UHQ from -197 °C to 100 °C and > 100 °C using boiling 
water and superheated steam, while subject to a uniaxial constraint.  
2. To design and make a test rig capable of facilitating the uphill quench with 
sufficient stiffness to ensure the thermal expansion stresses exceed the time 
transient yield stress of the aluminium alloy test piece. 
3. To preform cold compression experiments to quantify the effects of less than 1 % 
deformation to the surface residual stresses. While also examining the effects of 
natural aging before compression. 
4. To provide accurate data of aluminium alloy 7449 that show how the Vickers 
hardness varies during the reheating phase of UHQ. 
5. To run a repeatability study of all the CUHQ and UHQ experiments. 
6. To use finite element analysis to model the test rig and test piece to compare 
with experimental observations. 
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 THESIS STRUCTURE 
There are 11 sections of this thesis. Section 1 is some background into the work done 
before, materials used in the experiments and details about them. The objectives of the 
work are also covered.  
Section 2 is the literature review. This section compares papers and reports that have 
relevant topics, ideas, conclusions and results relevant to the aspects of UHQ, CUHQ, 
constrained thermal expansion and mechanical and thermal methods of relieving 
residual stresses.  
Section 3 shows the theory used in this thesis. This theory shows certain aspects of test 
pieces as a consequence of the experimental procedures.  
Section 4 indicates what experiments were carried out while showing the apparatus 
schematics and the procedural steps to perform. The heat treatment procedure for the 
materials used are also covered here.  
Section 5 presents the brief design process for the test rigs used.  
Section 6 are results and discussions drawn from the experiments carried out. 
Section 7 is an in-depth look at the time and temperature curves that occurred during 
the results in section 6.  
Section 8 presents finite element analysis (FEA)  models to predict some of the 
experiments in section 6.  
Section 9 compares experimental results in section 6 to the finite element results in 
section 8.  
Section 10 presents conclusions of the thesis.  
Section 11 has recommendations to those hoping to repeat any experiments found in 
this thesis and what could be done to improve upon any experimental results achieved.  
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This thesis carries out the following experiments: 
1) CUHQ and UHQ using boiling water and steam. The percentage of relief of 
residual stresses determined using X-ray diffraction. These experiments are the 
main focus of the thesis. 
2) PAG quenching. This is a common quenching method currently used in industry. 
Comparing the magnitudes of residual stress post treatment to CUHQ is a 
practical comparison.  
3) Temperature vs time graphs. To obtain the difference in temperature between 
the core and surface of a sample at any given time during a CUHQ and UHQ 
process. Using two different quenchants of boiling water and steam for the 
reheating phase of the experiment. The data from these experiments allows for 
accurate FEA simulations.  
4) Incremental cold compression tests. To determine what magnitude of relief of 
residual stresses can be achieved below 1 % cold compression. CUHQ is believed 
to have deformation < 1 % so incremental cold compression is a suitable 
comparison.  
5) Post quench delay experiments. To determine at what time it is best to carry out 
mechanical plastic distortion to the test pieces after solution heat treatment. 
Knowing this time would help increase the amount of residual stress relief 
possible for CUHQ.  
6) Varying temperature Vickers hardness. To test the variation of Vickers hardness 
as a test piece is heated from cryogenic temperatures to elevated temperatures. 
Knowing what the effects of temperature have on Vickers hardness is important 
for UHQ and CUHQ.  
7) Ageing response at 100 ℃. This is to determine what the effects of ageing at 
100 ℃ has on the surface Vickers hardness on a material at specific time periods. 
This is to simulate the reheating phase of UHQ and CUHQ from 0 ℃ to 100 ℃.  
8) Micro and hot caustic macro etching. To identify the effects on grain boundaries 
and structure that UHQ using steam (> 100 ℃) might induce. These experiments 
can be found in Appendix H and Appendix I. 
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2 LITERATURE REVIEW 
 THERMAL EXPANSION 
The understanding of the effects of thermal expansion on metallic materials is well 
known and documented. The coefficient of thermal expansion for aluminium and 
various aluminium alloys materials can be found in Hidnert and Krinder (1952) and for 
pure metal such as copper, gold, nickel and iron can be found in Nix and MacNair (1941). 
Values for the coefficients of thermal expansion of the materials used in this thesis are 
shown in section Appendix E.1. (Nix and MacNair 1941). (Hidnert and Krider 1952) 
 CONSTRAINED THERMAL EFFECTS 
There is limited literature in regards to metallic materials in a physical mechanical device 
while being subjected to elevated temperatures. One paper by Zoch et al. (2018) looked 
into the effects of a physical constraint while measuring the residual stresses using 
neutron diffraction. This looked at the effects at the point of contact in the metallic 
material while in situ. Effects of a sample under a constraint can be shown using the 
finite element method simulation but usually are too simplified and must be verified 
(Zoch et al. 2018).  
 UPHILL QUENCHING METHODS 
Mattos et al. (2017) demonstrated in a UHQ method the end stress produced in the 
reheating phase is the opposite of that in a conventional quench. This was accomplished 
by rapidly raising the temperature of the sample from a low temperature using UHQ 
methods such as boiling water, high velocity steam or perfluormethadaclin. The sample 
was cooled immediately after conventional quenching to low temperatures using cooling 
chemicals such as dry ice, liquid nitrogen or liquid helium (Mattos et al. 2017). This was 
also in accordance with a study carried out by Lim et al. (2014) that indicated that the 
new residual stresses produced post UHQ cancel out some of the existing residual 
stresses present post quench. Residual stresses formed during UHQ had the following 
effects on the material, producing a tensile force on the surface and a compressive force 
in the core (Lim et al. 2014).  
Lados et al. (2010) stated a brief history in the development of the different cooling and 
uphill quenchants used in UHQ. The paper also stated the modern practises of 
quenching and indicates towards the developments that are still needed for UHQ to be 
a suitable candidate in industry. Early UHQ methods used dry ice to cool, followed by 
boiling water to reheat in the 1930’s but little was understood about the process. Liquid 




Quenching temperature range for 7000 series aluminium alloys is about 470 ℃ to 60 ℃ 
which is a temperature difference of 410 ℃. This is greater than can be achieved in UHQ 
today. UHQ presently today is -197 ℃ to 100 ℃ which is a temperature difference of 
297 ℃. The counteracting stress made in UHQ is still not enough for modern 
engineering. However, with newer chemicals and better facilities UHQ could be 
improved.  
Liquid nitrogen is widely used during the cooling phase in UHQ experiments by many 
authors, see table 2-1. It is used in more modern versions of UHQ in the cooling phase 
due to it being 118.5 ℃ colder than dry ice (-78.5 ℃) by allowing a greater max ΔT 
between the surface and core of a sample when it comes to the reheating phase. Liquid 
helium is -269 ℃ which is 72 ℃ colder than liquid nitrogen, yet in many experiments 
liquid helium hasn’t been used for the cooling process, see table 2-1. This is due to liquid 
helium being much more expensive and needing more caution than when using liquid 
nitrogen. 
There are a variety of reheating methods for UHQ experiments shown by the various 
authors in table 2-1. Reheating methods such as boiling water, steam and in some cases 
the use of the fluorocarbon perfluormethadaclin. It can be noted that the majority of 
the authors who used steam never stated the exact temperature or the velocity used. 
The velocity of the steam is difficult to regulate due to the need to design a pressurized 
vessel. Looking at the results achieved in Table 2-1, Figure 2-1 and Figure 2-2, it can be 
seen that the higher the velocity and the higher the temperature of the steam the 
greater the relief of residual stresses is achieved.  
Furnaces have never been used as a reheating method. The hot air does not come in 
contact with the surface of the material enough to cause a great enough temperature 
difference. In the process it is important to keep the UHQ reheating temperature below 
the artificial ageing temperature for the given material or the desired mechanical 
properties will begin to alter (Mattos et al. 2017). 
Mattos et al. (2017) and Pellman et al. (1990) both explain why the use of 
perfluormethadaclin is a suitable reheating method for UHQ. Only suitable aluminium 
alloys can be used effectively. Perfluormethadaclin has been mentioned before as an 
excellent chemical of choice for the reheating process of UHQ experiments. With 
perfluormethadaclin higher heat transfer rates can be achieved with much steeper 
thermal gradients than that of boiling water and pressurized steam. The experimental 
application of perfluormethadaclin in a heated vapour form can reach a boiling point 
temperature of 142 ℃ (Mattos et al. 2017). Perfluormethadaclin is used best on 
aluminium alloyed with traces of copper, magnesium, silicon and zinc. So, it is most 
suitable for aluminium alloys that fall into the 2000, 6000 and 7000 series alloys (Pellman 
et al. 1990).
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(Robinson et al. 2019) 7449 LN2 
Boiling water 
77 and 56 (two separate 
surfaces) 
-197 – 100 
X-ray and neutron 
diffraction 
20 % 
Steam (100 kPa) 164 
14 % overall 
100 % in steam 
impact zone 
(Mattos et al. 2017) 
7075 LN2 
High velocity steam 371 -197 – 99 
- 
82 
Low velocity steam 253 -197 – 99 44 





-78 – 99 19 
LN2 -197 – 99 19 
Dry ice 
Steam (1.2 kPa) 
-78 – 99 48 
LN2 -197 – 99 83 
7075 
Dry ice -78 – 99 50 
LN2 -197 – 99 84 
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Note: LN2 is (liquid nitrogen) and Araghchi et al. (2017) never states what type of oil is used. 
(Lim et al. 2014) 6061 tube LN2 
Boiling water 
- 
-197 - 100 
Saw cutting test 
-57 
High velocity steam with an 
artificial ageing 5hrs 
-197 – 100  -
175 
91 
(Ko et al. 2013) 6061 tube LN2 
Boiling water 
- 
-197 - 100 
X-ray diffraction 
40 
Boiling with an artificial 
ageing 5hrs 
-197 – 100 - 
175 
65 





High velocity steam 
188.3 82 
Dry ice 104 48 
LN2 
Low velocity steam 118 44 
Boiling water 43.3 19 
Dry ice Boiling water 43.3 19 
(Wang et al. 2005) 7050 LN2 Propriety QCW-01   
-197 – 120 ~ 
175 
X-ray diffraction 71 
(Araghchi et al. 2017) 2024 LN2 Hot oil - 
-197 – 180 -  
190 for 12 h. 




Figure 2-1 shows the average of the results from Table 2-1 of the relief of residual 
stresses from the use of methods applicable to this thesis such as UHQ using liquid 
nitrogen as a coolant, and steam and boiling water as uphill quenchants. The data 
showed results expected from the standard UHQ experiments carried out in this thesis. 
Using a method of liquid nitrogen cooling followed by heating with high velocity steam 
showed relief results >80 %. Liquid nitrogen cooling followed by heating with low 
velocity steam method showed relief results of about 44 %. Liquid nitrogen cooling 
followed by heating with boiling water showed results <20 %. The data showed that hot 
oil gave high relief in residual stresses. However, more testing to replicate this data has 
yet to be done by other authors to confirm its validity.  
In Table 2-1 it can be said that a lot of the testing methods for residual stresses are not 
stated or are destructive. Destructive testing can give a full indication of the residual 
stresses present post UHQ at the cost of machine induced residual stresses that are left 
there because of the forces applied by clamping and the friction by cutting. Neutron 
diffraction testing has only recently started to be implemented as a measurement for 
residual stresses in UHQ test pieces.   
Figure 2-2 data is taken from Table 2-1 columns max ∆T (core to surface) and relief of 
residual stresses. The data was sourced from papers by Mattos et al. (2017), Pellman et 
al. (1990) and Wang et al. (2005). In all experiments, in each paper, samples were heated 
into a supersaturated solid state solution and quenched at room temperature. There is 
a correlation between max ∆T (core to surface) of the sample during the reheating phase 
of UHQ and the amount of residual stress relieved (black line of best fit). An increase in 
max ∆T (core to surface) results in more relief of residual stresses. The results shown are 
very method dependent, such as different uphill quenchants have different heat 
transfer properties. Velocities of steam and agitation of the sample during a boiling 
water immersion are variables that affect the amount of residual stresses relieved. 
Steam and fluorocarbon methods are more effective than boiling water due to the extra 




Figure 2-1: Comparison of the data in table 2-1 of the relief of residual stresses using uphill quenching methods 
reheated from -197 ℃ 
 
 
Figure 2-2: Comparison of the data in table 2-1 relief of residual stresses versus max ΔT (core and surface) 
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High velocity steam 83%
Oil 71%































































Dry ice - steam
Dry ice - boiling water
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 MECHANICAL METHODS OF RESIDUAL STRESS RELIEF  
Pellman et al. (1990) concentrated their ideas on the main problems with UHQ and areas 
where it could be improved and discussed how the relief of residual stresses was an 
important topic of modern industry. Due to the effects that residual stresses can have 
on mechanical properties post ageing on a sample when machining, it is important to 
reduce them. This section will highlight the various other methods of relief and testing 
for residual stresses. It will also highlight how UHQ is a suitable candidate and could be 
used more widely if the cost, complexity and the amount of time consumed during its 
process could be reduced (Pellman et al. 1990). 
2.4.1 Cold stretching and compression 
Robinson et al. (2014b) describes in detail what happens to residual stresses during cold 
stretching and compression. Stretching is limited to geometries with a constant cross 
section, however, this is not the case with compression. Complex compression rigs have 
been developed for unique parts but due to cost it is rare to find this practice in use. The 
best way to explain how stretching and compression plastic deformation relieve residual 
stresses is through Figure 2-3 A and B. The most obvious way is to look at the surface 
and core of the sample whilst being plastically deformed. 0S-0C-0S describes a typical 
residual stress spreading post quench of the surface and core, 1S-1C-1S is the relieved 
residual stress after tension or compression but while in situ. Post completion of the 
process, the residual stresses are described by 2S-2C-2S (Robinson et al. 2014a). 
Tanner et al. (2000) showed that a cold compression technique of a sample is usually 
done by compressing the sample by a range of 1-3 % of the original size. 1 % is ideal as 
any more than this, such as in the 2-3 % range is not advantageous due to the over 
compressing. More than this can cause the sample to fail by cracking or showing signs 
of wrinkling at around 5 %. There is a method of cold compression where the sample is 
compressed multiple times in different areas of the sample ‘bites’. The bites 
compressive force is spread over a wide area of the piece. However, caution should be 
taken when using this method as it can be overdone and there can be overlap of the 
residual stress distribution in the sample (Tanner et al. 2000). A change in velocity of the 
hydraulic press while the percentage of deformation stays the same does not affect the 
results. This is only the case for room temperature conditions (Koç et al. 2006). 
Compression tests done in this thesis were done at room temperature conditions. Due 
to the model of hydraulic press used the rate of compression was not apparent. The 
material used is not strain rate sensitive at room temperature.  
Stretching is a highly successful method of relieving residual stresses, with special tools 
and machines needed to grab and stretch the sample correctly. Results of up to 90 % 
relief of residual stresses has been recorded with 1% stretching of the original length 




Figure 2-3: Residual stress reduction by plastic deformation; (A) stretching, (B) compression (Robinson et al. 2014a) 
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 POST QUENCH DELAY 
Post quench delay is affected mainly by natural ageing of the alloy (< 40 ℃). A number 
of mechanical properties that could affect the amount of relief of residual stresses 
possible are shown in adapted Figure 2-4 and Figure 2-5, such as tensile strength, 2 % 
proof strength, percentage of stretching and Vickers hardness. These figures have been 
changed from the originals, with the x axis having been altered to show a maximum 
value of 240 minutes / 4 hours. This was replicated in the experiments results in section 
6.9, the test pieces were naturally aged for a maximum time of 240 minutes. The 
mechanical properties of most interest are 2 % proof strength and the Vickers hardness 
as both increase in magnitude. The benefits of a short or long post quench delay are not 
widely communicated by aerospace manufactures (Robinson et al. 2018). As most 
aircraft alloys age they require greater forces to stretch or compress because they have 
become stronger. Mechanical response of an alloy is time dependent, the yield stress 
will vary as well as the work-hardening behaviour. These properties are varied with the 
thickness of the alloy. The amount this varies is a function of the quench sensitivity of 
the alloy. To see if post quench delay is effective, measurements with low uncertainties 
such as layer removal or crack compliance will be required (Robinson et al. 2014b). 
Both Tanner and Robinson (2003) and Robinson et al. (2014a) state to keep the post 
quench delay below two hours. This relates to UHQ in the period after solution heat 
treating the test piece and when to put the sample into the liquid nitrogen cooling phase 
of the process. With this study the test piece is mechanically deformed as it is 
constrained from thermally expanding. Knowing the post quench delay time before the 
liquid nitrogen cooling phase would be helpful in maximising the amount of residual 
stress relief.  
Aluminium alloys will naturally age over time increasing in strength, this in turn leads to 
the material being harder and difficult to plastically deform, which is essential to 
relieving residual stresses. Croucher (1983) studied the effects of post quench delay on 
UHQ, finding that leaving the part longer to age harden decreased the amount of 
residual stresses relieved from the UHQ method, see Table 2-2 (Croucher 1983). It 





Figure 2-4: Variation in tensile properties with natural ageing time for aluminium alloy 7010 (Tanner and Robinson 
2003) 
 
Figure 2-5: Natural ageing response of 7075 after quenching into water at 60 ℃; Vickers hardness (using a mass of 
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Table 2-2: Effect of delay in uphill treatment on final stress (Croucher 1983) 
Delay after quench (hrs) Measured residual stress 
(MPa) 
Stress reduction (%) 
1 27.6 83 
3 48.3 71 
8 68.9 58 
24 96.5 42 
 ARTIFICIAL AGE HARDENING 
UHQ is not strictly an artificial age hardening process. However, during the process the 
test pieces are subjected to elevated temperatures for a short period of time. This 
changes the mechanical properties somewhat. The change depends on the amount of 
time at this elevated temperature and the temperature. The reheating process in UHQ 
is essentially a very fast isochronal age hardening.  
2.6.1 Artificial ageing residual stress relief 
In some cases, residual stresses can be relieved during artificial ageing. This thermally 
activated process can be described by the Zener-Wert—Avrami function, see Equation 
2-1. Equation 2-2 ‘A’ is function dependent on the material and temperature and is 
substituted into Equation 2-1 as a variable. All variables to these equations are explained 
in the Nomenclature. 
Artificially ageing a test piece post solution heat treatment has been shown to reduce 
residual stresses. Depending on the temperature of artificial heat treatment, time and 
type of alloy, this can change but studies have shown that the range of reduction is from 
10 to 35 % in residual stresses (Araghchi et al. 2017).  
σRS σ0
RS = exp [−(Ata)
m]⁄  
Equation 2-1 





 THERMAL METHODS OF RESIDUAL STRESS RELIEF  
This section shows the different thermal quenching methods that are used in industry. 
Methods such as quenching into different temperatures of water and PAG quenching. 
Different thermal methods are used by quenching a sample from a high temperature 
into a supersaturated solid state solution using a variation of quenchants to achieve a 
lowering in residual stresses at the cost of various mechanical properties. 
2.7.1 Water quenching 
Totten and MacKenzie (2016) explained in detail the characteristics of water quenching. 
Water is the most common form of quenching either by spraying at certain pressures or 
full submersion with agitation. Advantages of water quenching are that it is non-toxic, 
non-flammable and cheap. Problems with water, as highlighted in further detail in 
section 2.9.1 are the prolonged vapour phase that can occur. This will in some cases, for 
complex parts, give an uneven distribution of cooling and therefore an uneven 
distribution of residual stresses. Section 2.7.2 explains how PAG improves upon this. 
Quenching into warm water (30 ℃ - 60 ℃) and boiling water (100 ℃) has been shown 
to give less residual stress in a material than that of a cold water quench. This would be 
seen as a solution to a large magnitude of residual stress occurring in a material. 
However, with the extended cooling time that occurs with these methods it costs the 
material the desired mechanical properties. With a quick cooling time a cold water 
agitated quench makes the material achieve high mechanical properties (Totten and 
MacKenzie 2016). 
2.7.2 PAG quenching 
Robinson et al. (2014), Totten and MacKenzie (2016) and Chen et al. (2017) all show in 
their papers how PAG (polyoxyethylene glycol) is used in industry frequently. All giving 
points on the advantages PAG quenching has over cold water quenching by having less 
residual stresses in the part post quench. PAG quenching can give good mechanical 
properties from a quench by not letting too many precipitates to form due to it having 
a quick cooling time. During a quench, when the temperature reaches above 70 ℃ the 
PAG solution is inverse soluble. The PAG solution will form a thin film around the test 
piece that will ‘rewet’ the material breaking down any vapour jacket that occurs giving 
an even cooling distribution (Robinson et al. 2014a). PAG compared to a boiling water 
quench has been shown to have higher strength and lower residual stresses present in 
the sample (Totten and MacKenzie 2016). Using PAG compared against cold water 
shows better results towards cracking under high residual stress and distortion of parts 
when quenched. However, PAG shows problems with higher cost, fumes, smoke and fire 
during use and contamination of soot or rust in the solution can affect it negatively. The 
pH levels change with ageing of the quenchant and buffers must be added and if left 
stagnant for a long period of time bacteria can start to cultivate if no biocides are added 
(Totten and MacKenzie 2016; Chen et al. 2017). It is stated by Croucher (1983) that UHQ 
is not suitable post PAG quenching. This is due to the part already having low residual 
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stresses present and UHQ being a thermomechanical process may over-relieve the part 
and lead to material instability (Croucher 1983). However, no experiment has been done 
as yet to verify the statement.  
2.7.3 Spray quenching and pressurized steam. 
Spray quenching is a method of quenching that uses a pressurized quenchant medium 
to cool a sample. This study does not use spray quenching but looks at the results and 
conclusions from other sources to better understand how to configure nozzles used for 
the pressurised steam in UHQ. 
Rozzi et al. (1992) and Hall and Mudwar (1996) stated at the times of publishing that to 
date the placement of nozzles around a sample is done by best approximation. The 
nozzles are moved accordingly post heat treatment until the desired mechanical 
properties for the sample are achieved. This method can lead to wasted parts with high 
residual stresses, poor corrosion resistance and soft spots. Methods using an intelligent 
spray quenching system delivered by CAD-based software have been tried to determine 
the position, type and pressure of the nozzle required for the sample. As with varied 
geometry, thicker parts of the sample will need a different nozzle analysis than a thinner 
section of the same sample. Residual stresses from this method seems unavoidable, 
however, more interest is aimed at parts with varied geometry as to keep the residual 
stresses uniform so as not to distort the sample. Thicker sections will have higher 
residual stresses than thinner sections. This variable magnitude of residual stress can 
lead to warpage or distortions of the final product. The effect with water baths are that 
all sections of the test piece surfaces will receive the same cooling rate. With varied 
thicknesses in parts that will lead to uneven residual stresses being formed. Spray 
quenching changes the cooling rate of the surface of varied geometry parts to try 
achieve a more even bulk residual stress (Rozzi et al. 1992; Hall and Mudawar 1996).  
In boiling water methods, the sample is fully immersed and the heat is transferred to all 
surfaces evenly, however with steam methods this is more difficult as many steam 
nozzles are required. Unless the entire surface area is covered correctly, distortion called 
bowing will occur (Totten and MacKenzie 2016). 
The conclusions and theories drawn from Hall and Mudawar (1996) is applicable to this 
thesis. The rate of reheating can be improved by increasing the rate of volume of spray 
from the nozzle. This can be achieved by increasing the pressure and use of a nozzle with 
a greater flow capacity, both of which increase the velocity of the spray. An intelligent 
spray system must be adopted by placing the nozzles in areas where the test piece is 
going to take the longest to reheat. This is applied more to test pieces that have higher 
heating rate areas than others, be it due to thickness or geometric shape to ensure a 
more uniform residual stress relief result. If a greater number of temperature versus 
time graphs were constructed knowing the specifications for the nozzle placement, flow 
capacity, pressure and temperature, a numeric model could be constructed. This model 
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would allow predictions of the results prior to the operation saving cost and increase 
efficiency (Hall and Mudawar 1996).  
2.7.3.1 Spray hydrodynamic parameters 
Rozzi et al. (1992) and Hall and Mudwar (1995) both stated that the spray can be broken 
down into terms of volumetric spray flux, mean drop diameter and mean drop velocity 
before making contact with the surface of the test piece. Volumetric spray flux is the 
local volume flow rate per unit surface area. Mean drop diameter is the diameter of the 
drop whose ratio of volume against surface area is equal to the entire measurement 
sample. Mean drop velocity is the average of all the drops velocities. Knowledge of these 
parameters are essential for numerical modelling (Rozzi et al. 1992; Hall and Mudawar 
1996). Three different types of spray can be used, full cone, hollow cone and flat 
(Klinzing et al. 1992; Hall and Mudawar 1995). In this thesis a full cone spray was used. 
The spray impact zone is circular or elliptical depending on the geometry of the test 
piece. The further away the nozzle is from the test piece the more area will be covered 
requiring fewer nozzles. However, increasing the distance from the nozzle to the test 
piece surface requires the pressure to be increased. The volumetric flux is highest at the 
nozzle direct axis to the surface of the test piece and decreases towards the outer edges 
of the impact zone (Mascarenhas and Mudawar 2010). If the mean drop velocity is 
constant for the full steam impact area, the heat transfer coefficient values will peak in 
the centre and will decline towards the edges of the impact zone. These values will 
become negligible outside this zone (Mudawar and Estes 1996).  
A study carried out by Robinson et al. (2019) shows the localised effects of steam, see 
Figure 2-6. During their experiment two jets of steam were used on the faces in short 
transverse (ST) orientations of the aluminium sample. When carrying out X-ray 
diffraction using the sin2φ method and neutron diffraction the residual stress of the 
surface was contour plotted. This contour plot shows the depth at which the steam 
relieves the residual stresses. It was stated that the relief in the steam impact zone had 
5 mm depth of relief into the sample (Robinson et al. 2019). An observation is that 
multiple steam jets must be used at higher pressures than that of atmospheric pressure 
to achieve a higher relief of surface residual stresses. With the higher pressure and 
higher temperature, a greater depth of relief towards the centre could be achieved. Due 
to the penetration depth of relief achieved in the work done by Robinson et al. (2019) it 




Figure 2-6: Residual stresses in cold water quenched block, subsequently uphill quenched using steam. The 
impingement of the steam jet was at the surface located at y (LT) = 37.5 mm and x (L) = 0 mm. Residual stress 𝝈𝒛𝒛 
in the z (ST). Black crosses indicate neutron diffraction measurement location, except at surfaces where they are 
by X-ray diffraction (Robinson et al. 2019) 
 
 DISTORTIONAL EFFECTS DUE TO RESIDUAL STRESSES  
Lados et al. (2010), Robinson et al. (2011) and Garcia et al. (2017) have stated that 
distortion of parts post machining cost tens of millions of euro every year to fix or 
redress mainly by extra manufacturing time, scheduled overruns and discarded parts 
(Lados et al. 2010; Robinson et al. 2011; Garcia et al. 2017). Thin walled aluminium parts 
and monolithic structures are used extensively in the aerospace and automotive sector 
(Zhang et al. 2014; Masoudi et al. 2015a). The main issue with thin walled parts is the 
residual stresses present after quenching that can distort or have dimensional 
instability. This distortion can range from a few millimetres or several centimetres. Thin 
walled parts display low stiffness with clamping and a few mechanical forces increasing 
the dimensional inaccuracy and deformation of a part (Masoudi et al. 2015a).  
Since there are so many factors that affect residual stresses, they can be formed in 
randomly varying magnitudes in a material and can be difficult to predict theoretically 
or using software such as Abaqus (Robinson et al. 2011). Ways of analysing the stress 
pattern is directly related to the shape and complexity of the sample and the way it was 
quenched (J.S. Robinson et al. 2012). The use of UHQ  being independent of a material’s 
complexity in size or shape is an efficient process for relieving residual stresses (Lim et 
al. 2014). 
Prime and Hill (2002), Zhang et al. (2014), Robinson et al. (2011) and Masoudi et al. 
(2015a) all have stated residual stress variations depending on certain thicknesses of an 
alloy component. Residual stresses in material can cause distortions if the material is 
not thick enough during a quench or have distortional effects on the material later on 
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when machining. Studies show that distortions in a quench are most common in test 
pieces with thicknesses between 60 – 90 mm (Prime and Hill 2002). Stress values are at 
their highest at 0.1 - 0.5 mm from the surface of a material and then drop off quickly 
further from the surface (Zhang et al. 2014). With thicker aerospace aluminium 7000 
series alloys components (> 75 mm) it has been shown that by using layer removal 
techniques the surface compressive stress in a sample that has been cold water 
quenched can be > 200 MPa (Robinson et al. 2011). With the increase in a part’s 
thickness there is a decrease in the distortion potential (Masoudi et al. 2015a). An 
example of which can be seen in Figure 2-7 taken from Robinson et al. (2014b).  
From studying these papers, it may be seen that as little distortion occurs whilst using 
UHQ the process is industrially useful for aluminium alloys with complex geometry that 
have a low tolerance (< 75 mm thick). Where normal industrial residual stress relief 
processes such as compression or stretching would be difficult to perform due to a part’s 




Figure 2-7: The variation of surface residual stress magnitudes (X-ray diffraction) with increasing specimen size 
when cold water quenching (Tw<20 °C) rectilinear aluminium alloy blocks from 475 °C. Multiple points from 
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 QUENCH MECHANISMS 
Masoudi et al. (2015b) showed in detail the three known phases of quenching. With the 
varying cooling rates quenchants have on a material, leading to a non-uniform thermal 
gradient vs time. This can have varying results of residual stress being formed within the 
material and can lead to areas on certain geometric shaped parts having more residual 
stress than others on the quenched sample (Masoudi et al. 2015b). 
Masoudi et al. (2015b) discussed the heat transfer rates of each of the phases that take 
place. Totten and MacKenzie (2016) can describe accurately what effects can be seen 
on the material for each phase identified from a 7000 series aluminium alloy quenched 
into 60 ℃ taken from Ulysse and Schultz (2008), see Figure 2-8. Using this information, 
a description of what happens during a UHQ could be identified. Lados et al. (2010) study 
stated what happens with the core and surface during these phases and where the 
residuals stresses are occurring. 
Ulysse and Schultz (2008) described the three phases of quench differently, as film 
boiling (vapour jacket formation which surrounds the sample), nucleate boiling (where 
the highest heat transfer rates occur) and convective boiling (low heat transfer rates). If 
a sample is not symmetrically shaped the three phases can occur simultaneously (Ulysse 
and Schultz 2008).  
 



































2.9.1 Vapour Phase 
This is the first stage in any quench. The material’s surface is at a much higher 
temperature than the quenchant. A vapour jacket will form around the material acting 
as an insulator with a small heat transfer rate (Masoudi et al. 2015b). Any change in the 
material’s temperature is through radiation through this vapour jacket. This vapour 
jacket will slow down the cooling time, dissipating in a short period of time. To increase 
the removal of this vapour jacket it is good practice to agitate the material with 
movement or with the quenchant flowing at a high velocity (Totten and MacKenzie 
2016). In this phase the surface and core are perfectly plastic and deform freely. With 
the surface being in an extreme difference in temperature to the quenchant the material 
will shrink. (Lados et al. 2010). 
2.9.2 Boiling state 
In this state the heat transfer rate is 100 times more than the vapour phase (Masoudi et 
al. 2015b). The boiling or freezing state occurs just as the vapour jacket surrounding the 
material collapses and the quenchant meets the surface. In a cold water quenching case 
the water starts to boil. This stage stops the contact of the surface to the quenchant, 
reaching a change in temperature until this latent state is complete (Totten and 
MacKenzie 2016). 
At this phase of a standard water quench the surface enters into an elastic state and the 
core into a plastic state, strengthening the surface of the material to resist the tensile 
stress building in the core. The surface will now begin to form a tensile load on the core 
but as the core is in an elastic state it has enough strength not to deform. Residual 
stresses are still not formed in this phase of events (Lados et al. 2010). 
2.9.3 Convection phase  
The convection phase occurs after the boiling state. The convection cooling of the 
material is governed by the quenchants thermal activity and specific heat. This phase is 
the slowest of the three phases. If the residual stresses that build up in the material are 
great enough this is the phase where most distortion can occur (Totten and MacKenzie 
2016). 
In the convection phase of a standard water quench the core is hotter than the surface 
and both are now in an elastic state and any deformation is now as a result inhibited. As 
the core and surface must remain in contact there is a balance of forces compressive on 
the surface and tensile in the core. Through this balancing of forces in the final phase 
the material will now form a residual stress (Lados et al. 2010). 
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2.9.4 Uphill quenching mechanisms 
The reheating stage of UHQ can also be broken down into three distinct phases, like as 
laid out in sections 2.9.1, 2.9.2 and 2.9.3. Much that occurs follows that exact same 
pattern but the opposite in regards to stress. The difference in the vapour phase is that 
the sample will expand due to the increasing temperature. In the boiling state the 
sample will begin to freeze and a thin layer of ice forms around the sample. The surface 
enters into a plastic state and the core is elastic. For the convection phase for the sample 
to balance the forces, tensile forces form on the surface and compressive forces form in 
the core. 
 X-RAY DIFFRACTION 
Lados et al. (2010) states the various types of destructive and non-destructive measuring 
of residual stresses present in a sample. An example of a destructive method of 
measuring residual stresses is hole drilling. Non-destructive methods of measuring 
residual stresses are neutron diffraction, photo-stress coating, strain gauging, micro 
hardness mapping, chemical techniques and laser speckle shearing. X-ray diffraction is 
a non-destruction method (Lados et al. 2010). Cu-Kα radiation X-ray with a wavelength 
of 0.15405 nm or 1.54 Å (Angstroms (1Å=0.1 nm)) is commonly used on aluminium alloys 
(Ko et al. 2013). X-ray diffraction can measure the stress of a material using the common 
sin2Ѱ method, laid out in detail in Fitzpatrick et al. (2005). The strain can also be 
measured in a material by using the  cos2αsin2Ѱ technique (Wang et al. 2015). 
Tanner (1999) explains in detail the characteristics of X-ray diffraction. X-ray diffraction 
has a penetration depth of about 0.025 mm into the surface of the material. To see the 
residual stress at the centre of the material a layer removal technique could be done but 
this would remove the non-destructive purpose of the test. The X-rays move through 
the interatomic spacing of the material. The distance being measured is the material 
lattice’s spacing named ‘d spacing’. The change in the d spacing is an indicator towards 
the magnitude of the stresses present in that area. A similar material with no stress 
present can be used to calculate the difference in stresses that have been added or 
relieved to that material (Tanner 1999). The residual stress is determined by plotting the 
d spacing vs sin2Ѱ angles. The peaks of each measurement are taken and a line of best 
fit is constructed. The slope is taken from the line of best fit will be the residual stress of 
the material in the area measured.  
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The sources of error in X-ray diffraction are well understood and are outlined in great 
detail by Fitzpatrick et al. (2005) and Tanner (1999) These sources of error are broken 
down into headings of large sized crystal grains, stress gradients, crystallographic 
texture, multiphase materials, geometry of test sample, surface roughness, 
temperature, positioning errors, peak positioning and elastic constants. The sample 
must be prepared correctly, no large machining to the sample’s surface should be 
performed as this can affect the stresses present. Paint can also affect the stress results 
and must be chemically removed (Tanner 1999; Fitzpatrick et al. 2005).  
A list of authors who have used X-ray diffraction on uphill quenched test pieces can be 





 HEAT TRANSFER COEFFICIENT AND BIOT NUMBER 
The characteristic length found in Equation 3-1 is a variable needed to calculate the Biot 
number. The Biot number (Equation 3-2) is a dimensionless ratio of the convection over 
conduction the heat transfer. Knowing this ratio shows how thermally conductive the 
material is. An answer < 0.1 is reasonable to assume that in these conditions the material 
has a uniform temperature distribution (Incropera 2007). Equation 3-3 is an equation 
for the heat transfer coefficient. However, q (heat flux) is obtained by using Abaqus by 
modelling a 2D heat transfer model, see section 8.2. ∆𝑇𝑠𝑚 is the difference in 
temperature from the surface of the test piece and the quenchant medium. Equation 
3-3 can be used to track the heat transfer coefficient values for every increment change 
in the surface temperature of a test piece during a quench. Results of this equation in 





















 VICKERS HARDNESS  
The calculation for the Vickers hardness had to be carried out on test piece D using 
Equation 3-4 and Equation 3-5. Ordinarily the indenter will calculate the Vickers 
hardness automatically. However, for the case of the experiment of cryogenic hardness 
the procedure is under a short time constraint and indents must be made quickly, 
leaving very little time for the indenter to give the Vickers hardness. Therefore, the 
indents were not measured until after the experiment and the Vickers hardness was 
calculated using equations 3-4 and 3-5. The value d is the average length of the diagonal 
left by the indenter in millimetres. The mass used was 20 kg in the cryogenic hardness 

















 THERMAL EXPANSION 
The thermal expansion of test piece A was calculated using Equation 3-6 and Equation 
3-7. To understand how much force the test piece’s contact face would produce when 
being constrained whilst being reheated see section Appendix F. The linear thermal 
expansion that was wanted for the experiment was close to 1 mm.  
Once the length of test piece A was decided, the cross sectional area of the face that 
would be applying the force on the casing had to be decided using Equation 3-7 
 
∆L = L(αL∆T) 
Equation 3-6 




 BOLT STRENGTH 
It was necessary to calculate the bolt strength to decide on the suitable diameter of the 
bolts used in section 5, using Equation 3-8  and Equation 3-9. Using the force calculated 
in Equation 3-7 a suitable bolt or bolts can be selected. A factor of safety of 3 was used. 













 BOLT TORQUE CLAMPING FORCE 
With the knowledge of the torque of the bolts the pre-load force can be calculated using 
Equation 3-10. K represents the bolt friction which was taken to be 0.15 - 0.2 freely 
available in bolt torque charts. 
 




 X-RAY DIFFRACTION SIN2Ψ METHOD 
Bragg’s law, Equation 3-11 forms the basis of X-ray diffraction theory. Equation 3-12 
allows for the calculation of stress from the d spacing. This is determined from two 
measurements, one in the plane normal to the surface and the other from the direction 
of the stress to be measured. The most common way of calculating the stress in from 
Equation 3-13. The slope of the line is taken from plotting the d spacing against the 
sin2Ѱ results. Hooke’s law is used to convert lattice spacing’s to residual strains and 
stresses. Young’s modulus, Poisson’s ratio are the variables needed for calculations. The 
full derivation is outlined in Fitzpatrick et al. (2005).  

















4 EXPERIMENTAL  
 HEAT TREATMENT 
4.1.1 Solution heat treatment of 7000 series aluminum 
1) All the aluminum test pieces are subjected to solution heat treatment.  
2) Heated for 2 hrs to a uniform temperature of 470 ±5 ℃. 
3) Quenched to a uniform temperature 60 ℃ in water with vigorous manual 
agitation. 
 PROCEDURES AND APPARATUSES 
4.2.1 Procedure constrained uphill quenching 
1) Solution heat treatment of test piece A as stated in section 4.1.1. 
2) Pre-cool to room temperature in water. 
3) Cool to a uniform temperature of -197 ℃ in liquid nitrogen. This should be done 
quickly after step 2 to avoid age hardening.  
4) Load the test pieces as quick as possible into the thermal expansion constraint. 
5) Reheat the sample uniformly using boiling water 100 ℃, see Figure 4-2 (A). 
6) Cool to room temperature and determine the residual stresses using an X-ray 
diffractometer by using the steps outlined in section 4.2.10. 
7) Repeat the entire procedure but instead of using boiling water in step 5 use 
steam at 200 kPa (107 ℃), see Figure 4-2 (B). See Figure 5-1 and Figure 5-2 for 
boiling water and steam thermal expansion constraint, respectively.  
Note: measure the height of the test piece before cooling in liquid nitrogen and post 
CUHQ treatment, to evaluate the amount of deformation achieved. See Figure 4-3, for 
visual aid on where to measure height using a micrometre.  
It should be noted that the steam generator was capable of 40 kW. Able to deliver a 
nominal flow rate of 0.02 kg s−1. The pressure of the steam can be varied from 
atmospheric to a maximum of 700 kPa at around 170 ℃. There are errors with reading 
the pressure from the dial gauge. The pressure downstream at the test piece was 
expected to drop but by an unknown amount. The steam jet inlets dimensions are 
shown in detail in Appendix B.2. 




Figure 4-1: Heat Treatment cycle of constrained uphill quenching 
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Figure 4-3: Micrometre measurement points (A) test piece A and (B) test piece B 
 
4.2.2 Procedure constrained uphill quenching slow reheat 
Using steps 1 – 4 from section 4.2.1.  
5. Allow the test piece while constrained to heat up in room temperature 
conditions. 
6. Place the constrained test piece into a room temperature oven and set the oven 
to 100 ℃ for two hours.  
7. Switch oven off and leave to cool to room temperature.  
 
4.2.3 Procedure uphill quenching 
Using steps 1 – 3 and 5 - 7 from section 4.2.1.  
 
4.2.4 Procedure constrained uphill quenching and uphill quenching repeatability 
study 
The steps for this experiment follow the same steps as section 4.2.1 and 4.2.3. The 
difference is that at each step the temperature is measured with thermocouples with 
the software QuickDAQ 2013. 
 
4.2.5 PAG quenching 
The steps for PAG quenching are the same procedure as shown in section 4.1.1 with a 
change to step 3. Instead of using water, PAG (aqua-quench 251) at 30 % concentration 




4.2.6 Procedure incremental cold compression  
1) Solution heat treatment of test piece B as stated in section 4.1.1. Determine the 
residual stresses with X-ray diffraction using the steps outlined in section 4.2.10. 
This will be the datum residual stress, which means it can be assumed that the 
residual stresses obtained after solution heat treatment will remain the same. 
The initial length of test piece B was 120 mm. 
2) Solution heat treatment of test piece B as stated in section 4.1.1 again and wait 
for 30 minutes in room temperature conditions. In this wait period measure the 
length of the test piece on all edges of the length that is going to be subjected to 
cold compression using a micrometre, see Figure 4-4. This is done as after 
solution heat treatment as the test piece can change dimensions by either 
shrinkage or expansion. 
3) The test piece B should then be subjected to cold compression using a hydraulic 
press see Figure 4-4, to a specific percentage of the original height. The Stop 
blocks should be pre-machined to desired height, see Figure 4-4. Measure once 
more the heights of the test pieces post cold compression to determine the 
amount the percentage of cold compression achieved. Determine the residual 
stresses using X-ray diffraction using the steps outlined in section 4.2.10.  
4) Repeat step 2 and 3 by increasing the percentage of cold compression of test 
piece B. Do this until significant residual stresses have been relieved.  
Note: to determine the correct amount by which to surface grind (or mill) the stop blocks 
is not trivial. The test piece will compress elastically, then plastically and will then 
recover elastically as the load is relaxed. With 4 steel stop blocks it is safe to assume 
once they encounter the platen, the load will transfer from the test piece to the steel 





Figure 4-4: Cold compression apparatus 
 
4.2.7 Post Quench Delay by cold compression 
1. Solution heat treatment of test pieces C1 – C4 as stated in section 4.1.1.  
2. Measure the length of each long axis edge post solution heat treatment.  
3. Wait 10 minutes and 1, 2 and 4 hours before compressing the test pieces by the 
same percentage of cold compression.  
4. Measure the length of each long axis edge and determine the percentage of cold 
compression achieved. Note the percentages of cold compression should be 
similar throughout the test pieces. 
5. Determine the residual stresses using an X-ray diffractometer using the methods 









4.2.8 Procedure varying temperature hardness 
1) Solution heat treatment of test piece D as stated in section 4.1.1 
2) Pre cool to room temperature. 
3) Dry the test piece of moisture and move the piece quickly into the liquid nitrogen 
container (-197 ℃) to stop ice forming and precipitation occurring. 
4) Move test piece D quickly from the liquid nitrogen container onto the Vickers 
hardness tester stand. Start the fan. Swap the thermocouple from the Fluke to 
the QuickDAQ thermocouple to record the temperature vs time curve. See Figure 
4-5 for the experimental apparatus  
5) Focus test piece D under the microscope. Start Vickers hardness test with a mass 
of 20 kg to make an indent, with a dwell time of 10 seconds. Noting the 
temperature of test piece D as the indent is made. 
6)  Shift test piece D slightly in a straight line and repeat step 5 until the sample 
reaches 0 ℃, see Figure 4-6. 
7) Move test piece D to the furnace at 470 ℃. At certain temperature intervals 
measure the Vickers hardness by repeating step 5. 
8) Measure the indents to calculate HV20. See Equation 3-4 and Equation 3-5. 
 
 
Figure 4-5: Varying temperature hardness apparatus 
 
 
Figure 4-6: Linear pattern post Vickers hardness indents of test piece D  
Instron Wolpert 






4.2.9 Procedure ageing response at 100 ℃  
1) Solution heat treatment of test pieces E as stated in section 4.1.1 
2) Place the test pieces into boiling water (100 ℃) for specific time periods of 0.5, 
1, 2, 4, 8, 16, 32, 64, 128 and 256 minutes. 
3) Once the sample has reached the specific time period quench it into ice water 
(0 ℃). Remove the magnesium oxide from the surface of the sample with a high 
grade sandpaper before testing the Vickers hardness with a mass of 20 kg. 
See Figure 4-7 for the main experimental apparatus. 
 





4.2.10 Procedure X-Ray Diffraction 
Residual stress measurements using a 𝑠𝑖𝑛2Ѱ technique were performed on a Philips 
X'Pert X-ray diffractometer using Cu Kα radiation operating in the w configuration. The 
measurement procedures followed were those documented in the best practice guide 
published by Fitzpatrick et al. (2005).  
1) Secure the selected test piece into the X’Pert X-ray diffractometer on the general 
use mount Figure 4-8. 
2) Using the 𝑠𝑖𝑛2Ѱ method, measure the face of the sample with three stress 
measurements 5 mm apart. With sixteen tilts at Ѱ= 0˚ to 60˚. 
3) Noting the peaks of each curve for the d spacing. 
4) Using the peaks of each curve done using the Philips X’Pert software package 
'stress package' a line of best fit can be drawn between them. The slope of this 
line will be the residual stress. Positive values mean the surface is under a tensile 
force and negative values are under a compressive force. Take the average of the 
3 stress measurements. 
5) Repeat steps 2, 3 and 4 but measure different orientations.  
 
 
Figure 4-8: Philips X’Pert X-ray diffractometer 
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5 DESIGN OF TEST RIG FOR CONSTRAINED THERMAL EXPANSION 
 GENERAL DESIGN BRIEF 
Using Equation 3-6, Equation 3-7, Equation 3-8 and Equation 3-9 a rough outline of the 
stresses that would be applied to the constraint were obtained. The constraint needed 
to be reusable for multiple measurements, this would save cost and time. Test pieces A 
were machined to 148 mm in length because 7000 series aluminium alloy from 
temperatures of -197 ℃ to 100 ℃ and 107 ℃ will linearly thermally expand by 
approximately 1 mm. The test rig material had to have a lower coefficient of thermal 
expansion than the aluminium alloy being used for the test piece. This would ensure if 
the constraint was designed correctly that constrained thermal expansion would be 
achieved. The test rig had to be adjustable between boiling water and steam reheat 
phases of CUHQ. This is outlined in more detail at the beginning of sections 5.2 and 5.3. 
Dimensions are all outlined in Appendix B. 
 CONSTRAINED UPHILL QUENCHING BOILING WATER TEST RIG  
The test rig had to be open so that the boiling water could get access to the test pieces 
A. The weight had to be taken into consideration, as when performing the CUHQ using 
boiling water the constraint had to be lifted by hand. The higher the specific heat 
capacity of the test rig the better. This was because this would increase the reheating 
rate overall and produce better results. A bolt and shim design was decided upon. Due 
to it being adjustable, it allowed for multiple re-uses. 
See Figure 5-1, 35 mm thick contact wall was chosen as it could hold the stress applied 
when full expansion was applied. Four M27 bolts were used to push and hold the shim 
onto the test piece in a uniform way. The open surface area on both sides on the test 
piece was preferable for the boiling water. The contact faces were decided to be kept at 
35 mm as the weight was estimated to be about 21 kg. An increase in thickness would 
make carrying the entire test rig difficult. Also, the increase in size would be an issue to 
fit the test rig into the available water tank. Wells 5 mm deep were applied to the 




The material for the shim and the casing was steel alloy 1045. The steel was received in 
the normalized cold rolled condition. Four M27 mm bolts with a threaded length of 90 
mm were selected. With this design, the majority of the forces were going to be applied 
to the contact faces with the test pieces and transferred to the bolt’s threading. 
Originally, one bolt was thought to have been enough to take the loading and apply the 
forces evenly but the size of that one bolt was too big. The forces were decided to be 
shared between four bolts instead. This design with four bolts would easily take the 
loads applied with a factor of safety of 3 and the contact faces with the test piece having 
a factor of safety of 9.6. 
 
 
Figure 5-1: Boiling water thermal expansion constraint 
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 CONSTRAINED UPHILL QUENCHING STEAM TEST RIG 
This rig is modified from the test rig in section 5.2 because it needs to also act as a closed 
pressure vessel. This is because for the steam to be at high enough pressure and 
temperature it needs to be contained to be safe. The pressure vessel would need to 
facilitate the steam manifolds attached so the steam can have access to the test piece. 
The test rig must not only act as a pressure vessel but must also stop the test piece from 
thermally expanding.  
The concept in Figure 5-2 was just an alteration on the design in section 5.2. This allowed 
for the steam to have an impact on all faces excluding the contact faces of the test rig. 
This design had clasps holding the top and lower sealing plates in place when the 
experiment started. This design allowed for 16 steam nozzles to have access to the 
cryogenic test piece.  
 
 





6 RESULTS AND DISCUSSION 
It should be noted the X-ray diffractometer used is accurate up to ±20 MPa. Three 
Philips X’Pert software packages were used in this measurement. Data collection version 
1a, data viewer version 1a and stress package version 1a in the settings of Pearson VII. 
There are several settings that can be used but no great difference in the results was 
noted. So, as a standard, the previous mentioned setting was used on all measurements. 
When a repeated measurement was made to ensure accuracy, the measurements were 
5 mm apart from each other. This gives a better average value than measuring the same 
spot multiple times. The first of the three face measurements were always taken at the 
exact centre of the face, the irradiated area on the face of measurement was 12 x 2 mm. 
The X-ray diffractometer was given the settings of a voltage of 40 kV and an amperage 
of 40 MA. The measurements are of the d spacing’s between the 422 planes. D spacing’s 
are the distance between the planes of atoms, measuring the strain that has taken place 
due to quenching. Once this strain is known, the stress can be calculated by knowing the 
Young’s modulus for this crystallographic plane. It was noticed once having analysed the 
results from test piece A on the Longitudinal - Longitudinal transverse (L-LT)  face in the 
L orientation that the residual stresses were not matching previous results found in 
literature for test pieces of similar geometry. The reason is this surface was the as rolled 
face from the plate and it gave inconsistent results, because it had a different texture to 
the rest of the test piece, see Figure 6-1. For test piece A the 𝜎𝑅𝑆𝐿𝑇  on the (L-LT) faces 
were not measured due to that grain orientation not being of interest to the results.  
 
Test piece A was 0.148 m long for all CUHQ experiments and was calculated to shrink in 
the long axis length by 0.74 mm when cooled in liquid nitrogen.  
 
Issues with the CUHQ experiments were that the bolt’s ends have an edge on them that 
dug into the shim, see Figure 6-2. This deformation here would have reduced the 





Figure 6-1: Test piece A, (A) as rolled and (B) machined surface 
 
 





 QUENCH 60 ℃ WATER 
Reasons for quenching in a water bath of 60 ℃ are outlined in papers Robinson et al. 
(2014b) and (2018). Quenching into 60 ℃ water reduces the residual stresses across the 
thickness by 15 % compared to cold water (< 20 ℃) (Robinson et al. 2018). Quenching 
into temperatures above 60 ℃ greatly affects the residual stresses and mechanical 
properties of the metal due to the formation of a vapor jacket during the process 
(Robinson et al. 2014a). Quenching into cold water temperatures can cause cracks near 
the thermocouple holes. For this reason, this 60 ℃ temperature was selected to keep 
the longevity of the thermocouples in test pieces A.  
Quenching from 470 to 60 ℃ was considered a warm water quench. The residual stress 
results taken from these studies were used as the datum stresses for calculating the 
amount of relief achieved during the experiments throughout this section.  
See Table 6-1 for results. Test piece A’s lowest stress was in the L orientation on the L-
LT face. The stresses here would seem lower than what is usually normal but repeated 
measurements with 5 mm gaps between them and an average taken only confirms the 
results. There is a difference of 93.2 MPa between the L orientation of the L-LT and L-ST 
(Longitudinal – Short transverse) faces. This is a high stress difference for the faces that 
only have a difference in thickness from the core of 5 mm. This was understandable, as 
the face that is furthest from the core has the higher stress value. The residual stresses 
in the ST orientation on the L-ST face has a very similar value to the L orientation 
counterpart. There is a difference of 7 mm in half thickness between test piece A L 
orientation on the L-ST face and test pieces B agitation and no agitation L orientation on 
the L-ST face. With this difference the residual stress results are very similar to one 
another, this sort of development of residual stress behaviour follows the exponential 
behaviour of surface residual stresses shown in Figure 2-7. 
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There were little differences between the residual stress values in test pieces B agitation 
and no agitation, with agitation values producing marginally lower results. This would 
indicate that with agitation the only difference was the cooling rates which is explained 
in further detail in section Appendix D.1.4.  
Table 6-1: Quench 60 ℃ residual stress results 
Test piece 𝝈𝑹𝑺 direction and face 𝝈𝑹𝑺 (MPa) Fitting error (MPa) 
A (agitation) 𝜎𝑅𝑆𝐿  (L-LT)   -77 2 
𝜎𝑅𝑆𝐿  (L-ST)   -170 4 
𝜎𝑅𝑆𝑆𝑇 (L-ST)   -171 3 
B (agitation) 𝜎𝑅𝑆𝐿  (L-ST)   -165 5 
𝜎𝑅𝑆𝑆𝑇 (L-ST)   -178 3 
B (no agitation) 𝜎𝑅𝑆𝐿  (L-ST)   -171 7 
𝜎𝑅𝑆𝑆𝑇 (L-ST)   -180  7 
 
 PAG QUENCHING 
Test piece A was the only test piece quenched into PAG. Slight agitation was used as it 
was a small quench bucket used to quench into. PAG is a leading quenchant for reduced 
distortion in narrow-shaped parts used in industry currently (Robinson et al. 2014b) and 
so the results shown in Table 6-2 were a good comparison for the other experiments in 
this section. 
Table 6-2: PAG residual stress results 
𝝈𝑹𝑺 direction and face 𝝈𝑹𝑺 (MPa) Fitting error (MPa) 
𝜎𝑅𝑆𝐿  (L-LT)   -27 2 
𝜎𝑅𝑆𝐿  (L-ST)   -46 2 




 CONSTRAINED UPHILL QUENCHING USING BOILING WATER 
Due to the actual geometry and thickness of test piece A the residual stresses present 
post quench were not high (< 200 MPa). The thicker section on test piece A had higher 
residual stresses than others. Test pieces loaded into the constraint were marked into 
certain positions. Top, bottom, wide and short (L-LT and L-ST faces). These positions 
were necessary in case the constraint was not even for each CUHQ. When measuring 
the subsequent heights post quench and post CUHQ these positions on the test pieces 
were used as references.  
The test rig was lowered into the boiling water the L-LT face (bottom side) first and 
lowered to the bottom of the water bath. The constrained test piece was left for about 
5 minutes to ensure a uniform temperature of 100 ℃ and thermal expansion at the 
elevated temperature had occurred, see Figure 6-3.  
See results in Table 6-3, the average deformation on all edges was 0.03 %.  
 
 
Figure 6-3: Constrained uphill quenching using boiling water 
 








original height (%) 
Relief of 
𝝈𝑹𝑺 (%) 
𝜎𝑅𝑆𝐿  (L-LT)   -49 3 0.05 30 
𝜎𝑅𝑆𝐿  (L-ST)   -69 6 0.007 60 
𝜎𝑅𝑆𝑆𝑇 (L-ST)   -119 9 0.007 30 
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 CONSTRAINED UPHILL QUENCHING USING STEAM 
Some steam escaped through the edges of the sealing plates and through the bolt holes 
as expected, see Figure 6-4. With the sealing plates being made of aluminium it was 
believed that as the temperature rose in the test rig the sealing plates would thermally 
expand and make the fit tighter. This came with problems at the end of the experiment 
as the one plate to get access to the test piece was difficult to remove until allowed to 
cool. Also due to the set-up, the test rig was unable to be cooled in cold water and the 
force exerted onto the bolts meant they were unable to be undone manually at the 
elevated temperature. The test piece was subjected to one hour of slowly decreasing in 
temperature while still being constrained. After the hour of cooling, the bolts were able 
to be undone manually, the test piece had cooled somewhat at this point. The more the 
sample cooled the lower the force being applied to the constraint was. With the 
experimental set up it was too difficult to cool the sample before removing it from the 
test rig. Therefore, the sample was removed while still in an elevated temperature and 
then cooled to room temperature post removal from the test rig. The effects of this can 
be seen in section 7.4.2. 
This led to thinking that the test piece would start artificially age hardening and would 
relax more residual stress post experiment. As this was not the aim of the experiment 
this was a concern. However, there has been work done on the effect of constrained 
ageing by Zheng et al. (2018). In that paper it can be seen that when a sample of 7000 
series alloy was raised to a temperature of 120 ℃ and held in a pre-strain of 1 % that no 
relief of residual stress occurred until that temperature was raised higher. (Zheng et al. 
2018) 
It was noted that the drain valve could not be opened during the experiment, as this 
would lower the pressure that could be achieved. This led to a lot of the steam that 
condensed to pool as water at the bottom of the test piece as the experiment 
progressed. 
Due to the geometry of the test rig and test piece A all spray inlets were within a 37.5 
mm distance from the test piece. The wider the gap the wider the spray cone is as 
explained in section 2.7.3. However, the L-ST faces (narrow and wide) inlets cover a 
different percentage of the surface area than the L-LT faces (top and bottom) inlets do.  
Taking the surface areas of individual faces, impact zones of steam and all faces of test 
piece A, the area percentage being directly affected by steam can be calculated. The 
direct impact zone of the steam is referring to the surface areas closest to a steam 
nozzle. This study ignores the spreading of the spray and looks at areas impinged directly 
by the steam jets, results can be seen in Figure 6-5. The percentage of surface area 
impinged by the steam jets seem very low, see Table 6-4. However, it must be noted 
that it looks at the area directly under the nozzle where the velocity of the steam would 
be greatest. Due to the L-ST faces of test piece A having a higher datum residual stress 
than the L-LT faces it makes sense to have more surface area covered with steam. This 
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may lead to an uneven reheating rate and is explored in section 8 with time temperature 
graphs in section 7.4.2. The surface area impinged by steam jets was calculated by taking 
the surface area of one steam impact zone and multiplied by the amount of steam inlets. 
This steam impact zone surface area was then calculated as a percentage of the tests 
piece surface area in question.  
The pressure actually achieved at the dial gauge was higher than expected and was 
between 200 – 220 kPa of pressure. There was of course some steam that escaped 
during the experiment but the pressure was kept by letting more steam through the 
system. It was believed the amount of steam in the system was 90 %. As explained in 
section 4.2.1, the pressure is expected to drop somewhat downstream of the dial gauge.  
See Figure 6-5, for the areas on the test pieces A post CUHQ and UHQ using steam with 
16 nozzles measured using X-ray diffraction. The red lines indicate what areas have been 
measured. It was assumed that when measuring the residual stresses of the steam 
impact zone Left 1 for both the L-ST and L-LT faces it was the residual stress in that 20 
mm length. This is done even knowing the length measured was 12 mm with the X-ray 
diffractometer. The main grain orientation of interest was 𝜎𝑅𝑆𝐿, this was the long axis in 
which most of the deformation occurred during CUHQ. It was impossible to measure the 
LT and ST orientations on the centre of the top and wide faces due to the geometry of 
the test piece and the space available on the X-ray platform. However, it was possible 
to measure the previously mentioned orientations in the Left 1 impact zones on the L-
ST and L-LT (top and wide) faces.   
In Table 6-5 the average deformation across all faces was 0.13 %. Residual stresses in 
the impact zones were very similar to the areas which were not in impact zones in terms 
of relief in the L orientation. No localisation effects of relief of the residual stresses 
occurred. Therefore, the average of the stress relieved in the L orientation will factor 
both areas.  
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Table 6-4: Percentage of surface area of test piece A impinged by steam jets during constrained uphill quenching 
Surface  Surface area impinged by steam jet (%) 
Wide or narrow faces (L-ST) 42 
Top or bottom faces (L-LT) 28 
Full surface area 34 
 
 




Figure 6-5: Test piece A, post steam experiments X-ray diffraction measurement areas 
Table 6-5: Constrained uphill quenching using steam residual stress results 







original height (%) 
Relief of 
𝝈𝑹𝑺 (%) 
𝜎𝑅𝑆𝐿  (L-LT) centre -25 5 0.16% 68 
𝜎𝑅𝑆𝐿  (L-ST) centre -63 6 0.11% 63 
𝜎𝑅𝑆𝐿  (L-LT) Left 1 -26 5 0.16% 66 
𝜎𝑅𝑆𝐿  (L-ST) Left 1 -54 6 0.11% 68 













 CONSTRAINED UPHILL QUENCHING USING A SLOW REHEAT 
The reasoning behind this experiment was to see the effects of just the constrained 
thermal expansion on the relief of residual stresses. It is assumed that a lot of the 
thermal relief of residual stresses occurs within the first few seconds of reheating by 
boiling water or steam. This experiment was designed to minimise the rapid reheating 
and thus minimise the thermal relief of residual stresses. With the long time exposed to 
elevated temperatures the test piece would begin to artificially harden. This in turn 
increases the test piece’s resistance to plastic deformation and reduces the amount of 
relief of residual stresses that could be possible.  
See results in Table 6-6, the average deformation on all edges was 0.04 %.  








original height (%) 
Relief of 
𝝈𝑹𝑺 (%) 
𝜎𝑅𝑆𝐿  (L-LT)   -49 4 0.05 29 
𝜎𝑅𝑆𝐿  (L-ST)   -104 2 0.01 40 
𝜎𝑅𝑆𝑆𝑇 (L-ST)   -109 4 0.01 36 
 
 UPHILL QUENCHING USING BOILING WATER  
Literature data would suggest that UHQ using the boiling water reheating method 
relieves just under 20 % of the residual stresses in the test piece, this is shown in Figure 
2-1. However, as seen in Table 6-7 very little relief occurred. This could be due to the 
test piece age hardening during the treatment and lowering the percentages of relief. 
Effects of this are explained further in section 6.12. -35 % in the relief of residual stresses 
is showing the stresses increased. However, this result is incorrect and can be ignored 
for reasons explained in the introduction of section 6. 
Table 6-7: Uphill quenching using boiling water residual stress results 
𝝈𝑹𝑺 direction and face 𝝈𝑹𝑺 (MPa) Fitting error (MPa) Relief of 𝝈𝑹𝑺 (%) 
𝜎𝑅𝑆𝐿  (L-LT)   -95 7 -35 
𝜎𝑅𝑆𝐿  (L-ST)   -151 6 12 




 UPHILL QUENCHING USING STEAM 
This experiment had similar variations to those in the CUHQ using steam in section 6.4. 
The shim was used to stop the test piece from moving around excessively in the test rig 
when the steam was turned on. It should be noted that during the pre-run with the test 
rig the shim was removed so as to not interfere with the nozzles. This meant the shim 
was at room temperature while the rest of the test rig was at an elevated unknown 
temperature, leading to the contact faces reheating at different rates. Despite not 
having to tighten the bolts the loading time was roughly 1 minute ±15 secounds.  
See Table 6-8, for results in this section. The relief of residual stresses was lower than 
expected when compared to what has been recorded in literature, see Figure 2-1 for 
high pressure steam results. In some spots of the test piece the compressive stresses 
were increased giving negative relief. Reasons for this could be that in other works 
carried out they had many more nozzles that were much smaller and allowed more 
coverage of the test piece. Also the loading time for a standard quench exceeded what 
is usually done. This difference in loading time and amount of thermal energy being 
produced during the quench gave low relief.  
-95 and -77 % in the relief of residual stresses is showing the stresses increased. 
However, these results are incorrect and can be ignored for reasons explained in the 
introduction of section 6. 
Table 6-8: Uphill quenching using steam at 200 kPa residual stress results 
𝝈𝑹𝑺 direction and face 𝝈𝑹𝑺 (MPa) Fitting error (MPa) Relief of 𝝈𝑹𝑺 (%) 
𝜎𝑅𝑆𝐿  (L-LT) centre -136 6 -95 
𝜎𝑅𝑆𝐿  (L-ST) centre -152 4 12 
𝜎𝑅𝑆𝐿  (L-LT) Left 1 -124 7 -77 
𝜎𝑅𝑆𝐿  (L-ST) Left 1 -165 6 4 





 INCREMENTAL COLD COMPRESSION 
Incremental cold compression was carried out to see the effects of deformation below 
1 %. It was found that CUHQ had deformation below 1 % and incremental cold 
compression would be a suitable comparison. Compared to other literature such as 
Tanner et al. (2000), Robinson et al. (2010 and 2018) the results achieved here give 
higher relief results of residual stress at lower percentages of cold compression after 30 
minutes of waiting at room temperature, see the data shown in Figure 6-6. The residual 
stresses in the ST orientation were in the transverse direction of compression. This 
shows relief in test piece B can be uniform when a higher percentage of cold 
compression is achieved. Both the L orientation and ST orientation curves follow the 
same exponential shape as one another. Once cold compression of about 0.6 % is 
achieved the residual stresses plateaued. The coefficient of friction between the 
aluminium and lightly oiled steel was taken from Robinson et al. (2018) to be from the 
range of 0.15 and 0.17. (Tanner et al. 2000; Robinson et al. 2010; Robinson et al. 2018) 
Comparing the results in Figure 6-6 to Altschuler et al. (1988), relief of residual stresses 
were achieved with lower levels of cold compression in this work. This may be due to 
the experimental processes not being identical to one another leading to a slight 
difference in mechanical properties which would affect the plastic deformation. 
(Altschuler et al. 1988)  
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 POST QUENCH DELAY BY COLD COMPRESSION 
Post quench delay experiments were carried out to try obtain at what time deformation 
of the test piece was best post solution heat treatment and quenching. Knowing this 
time would increase the relief of the residual stresses for CUHQ. Looking at post quench 
delay experiments carried out by other papers such as Robinson et al. (2018), they 
concluded that effects were so small that it hardly appeared on X-ray and incremental 
hole drilling, yet does appear on neutron diffraction. That paper also looked at the 
effects of post quench delay on the hardness and electrical conductivity. (Robinson et 
al. 2018) 
The press does not come down exactly straight, however, all the test pieces and stop 
blocks were compressed the exact same way and under the same time under 
compression. Two marks were made on each test piece to identify what orientation to 
have whilst under compression. This orientation was the same orientation the test 
pieces had when being quenched, see Figure 6-7 and Figure 6-8. The datum residual 
stresses are assumed to be the same as the results found from the incremental cold 
compression, see section 6.8. This can be assumed because the test pieces B and C1-C4 
are very similar in geometry, alloy and quenching conditions carried out.  
 
Figure 6-7: Test pieces C1-C4 being quenched into water at 60 ℃ 
 
Figure 6-8: Post quench delay compression experimental set up 
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6.9.1 Post quench delay by cold compression attempt 1 
See Figure 6-9, for the results for the first attempt at post quench delay. The results 
would show more promise if at the 60 min marker for the L orientation of the test piece 
the residual stresses present were higher and if the results at 240 mins or 4 hrs had 
higher residual stresses also. Reasons for this could have been due to the test pieces not 
having enough strain applied to them. The average deformation on all test pieces was 
0.23 %. 
 



































6.9.2 Post quench delay by cold compression attempt 2 
Based on the results in attempt 1 in section 6.9.1 it was decided to make the percentage 
of cold compression as low as possible. To be able to compare to the results in the 
incremental cold compression in section 6.8 Figure 6-6.  
See Figure 6-10, for results to post quench delay attempt 2. The test pieces were 
deformed less than they were in post quench delay attempt 1 (see section 6.9.1). The 
average deformation on all test pieces in this section was 0.08 %. Explaining why the 
residual stresses are of a higher magnitude than attempt 1. The L orientation curve 
follows the same shape as attempt 1. The ST orientation at 120 minutes fails to let the 
curve follow the same shape of curve as the other including attempt 1.  
The variation at which the test pieces were deformed greater than in attempt 1 was due 
to it being very difficult to accurately compress to the correct percentage at such low 
strains. This could be remedied with a longer test piece, so low percentages of cold 
compression with higher strains could be achieved.  
Comparing Figure 6-9 and Figure 6-10 it would seem there is not much correlation with 
the results. However, from what can be drawn it is better to relieve the test piece at a 
constant time, so no significant variations will occur.  
 








































 COMPARISON OF CONSTRAINED UPHILL QUENCHING, UPHILL QUENCHING, 
INCREMENTAL COLD COMPRESSION AND PAG 
This section compares the results in sections 6.1 through to 6.8. Specifically, what the 
difference in relief of residual stresses were and why this difference occurs. 
For comparisons on test piece A the 𝜎𝑅𝑆𝐿  on the (L-LT) face will not be used. This was 
done for reasons explained earlier in the introduction of this section.  
The maximum percentage of deformation under perfect conditions is outlined in Table 
6-9. The spring back adjustment that was found in section Appendix G is used to make 
the results more realistic. There is only 0.02 % difference in the thermal expansion values 
for the two different CUHQ methods used. It is difficult to state the percentage of relief 
of residual stresses 0.02 % deformation would contribute. This is due to the exponential 
behaviour of the relief seen in Figure 6-6. 
Factors such as loading time, the amount of deformation of the test rig and the amount 
of thermal expansion test rig itself would affect the results.  
 
Table 6-9: Maximum percentage of deformation achievable for constrained uphill quenching methods 







Boiling water 0.67 
0.38 
0.29 




6.10.1 Comparison of PAG to constrained uphill quenching using steam and 
incremental cold compression 
This sub section compares the results found in sections 6.2, 6.4 and 6.8. Among all 
treatments done, PAG had the lowest amount of residual stresses left post treatment. 
Cold compression needed an equivalent of 0.15 and 0.4 % of deformation for the L and 
ST orientations, respectively, along the long axis of the test piece to achieve the same 
magnitude of residual stresses as PAG. CUHQ steam had the highest relief of all the 
CUHQ experiments. There was 12.45 and 67.7 MPa difference in the average L and ST 
orientations, respectively. PAG gave a much more uniform result than CUHQ using 
steam. PAG relieved residual stresses much more significantly in the ST orientation than 
cold compression and CUHQ using steam. PAG is the most effective way of relieving 
residual stresses without deformation being needed.  
6.10.2 Comparison of constrained uphill quenching by slow reheat, boiling 
water and steam and cold compression 
CUHQ boiling water and CUHQ slow reheat had very low percentages of deformation. 
The difference in residual stress results for CUHQ boiling water and 200 kPa steam are 
thought to be due to deformation. This is because the 𝜎𝑅𝑆𝐿  follow the same trend line 
found in Figure 6-11. It would seem the extra thermal energy and higher temperatures 
found using CUHQ steam did not add to the amount of relief. If the CUHQ boiling water 
was better thermally constrained, then it is believed the results would have been more 
similar to one another. If the rapid reheating could be made quicker than it is believed 
that higher percentages of relief could be achieved for the low deformation shown in 
this work.  
Using Equation 3-6 the thermal expansion of the steel casing was calculated. The steel 
casing would expand by roughly 0.2 mm for CUHQ using boiling water and possibly 0.3 
mm for CUHQ using 200 kPa steam methods. Both methods assumed the test rig were 
at uniform temperatures. However, it must be noted the time the steam steel casing 
was exposed to elevated temperatures was much shorter than the boiling water steel 
casing. Also the steam steel casing was heated at localised points where the steam inlets 
were and not fully submersed like the boiling water method. This expansion of the steel 
casing is problematic as it reduces the amount of mechanical residual stress relief 
possible during the CUHQ experiments.  
 
The most accurate way to compare UHQ and CUHQ methods to cold compression is to 
look at the percentage of residual stresses relieved. Due to test pieces A and B having 




See Figure 6-11, for the comparison of results of all the CUHQ (slow reheat, boiling water 
and steam) and cold compression experiments. The results shown are the percentage 
of deformation from original height vs the percentage of residual stresses relieved. For 
the CUHQ experiments some alterations to the results were needed to present the results 
in the same way as for cold compression in Figure 6-6. The amount of deformation was 
an average of all four edges and the centre. The L and ST data shown is from the L-ST 
face on the wide side of test piece A. 
The average deformation varies between a range of 0.03 % and 0.17 % for CUHQ. At 
these low levels of deformation, it is very difficult to keep it accurate and repeatable. A 
few seconds difference when loading the test piece into the thermal expansion 
constraint can lead to differences. The difference in percentage of the L and ST residual 
stresses relieved in CUHQ slow reheat, boiling water and steam were 3, 30 and 28 %, 
respectively. The average difference found in cold compression was 21 %. This value is 
lower, as in with higher percentages of deformation the L and ST residual stresses 
become similar. CUHQ steam was expected to have higher relief of residual stresses than 
CUHQ boiling water and slow reheat. All the constrained methods follow the same trend 
as the cold compression with some exceptions in the ST orientation results. If the 
deformation could be increased, it would keep following the cold compression trend of 
results.  
 


































CUHQ slow reheat L
CUHQ slow reheat ST
CUHQ boil L
CUHQ boil ST
CUHQ steam centre L
CUHQ steam nozzle left 1 L
CUHQ steam ST
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6.10.3 Comparison of CUHQ and UHQ results 
The most accurate way to compare these results is by the amount of residual stresses 
relieved in the L and ST orientations on the L-ST wide face. Figure 6-12 and Figure 6-13 
both follow the same relief pattern with CUHQ steam having the highest results. Both 
UHQ boil and steam had similar and low results. CUHQ slow reheat ST in Figure 6-13 was 
an outlier in the pattern. UHQ steam nozzle left 1 L had much lower results than 
expected. Usually it would have followed the same pattern of CUHQ steam nozzle left 1 
by increasing the amount of relief. This is due to the area being in an impact zone of the 
steam where the thermal energy would have been its highest.  
See Table 6-10, for the difference in percentages of relief between CUHQ and UHQ 
reheating methods. This data was generated from Figure 6-12 and Figure 6-13. Steam 
produced a higher difference than boiling water did.  
 
 





UHQ steam centre 12%
UHQ steam nozzle Left 1 4%
CUHQ slow reheat 40%
CUHQ boil 60%
CUHQ steam centre 63%


























Figure 6-13: Comparison of residual stress in the short transverse orientation for constrained and standard uphill 
quenching variations 
 
Table 6-10: Difference in results of constrained and standard heating methods of uphill quenching 
𝝈𝑹𝑺 direction and face L-ST CUHQ and UHQ methods Difference in results (%) 
𝜎𝑅𝑆𝐿   Boiling water 48 
Steam centre 51 
Steam nozzle left 1 65 
𝜎𝑅𝑆𝑆𝑇  Boiling water 14 





UHQ steam nozzle left 1 16%
CUHQ slow reheat 36%
CUHQ boil 30%

























 VARYING TEMPERATURE HARDNESS 
Knowing what the effects of temperature have on Vickers hardness is important for UHQ 
and CUHQ. The harder the material, the more difficult it is to plastically deform, resulting 
in less relief of residual stresses. In Figure 6-14 the lowest temperature achieved is  
-160 ℃, as it was difficult to get to any temperature below this. The amount of time it 
took to mount the test piece and make the first indent the test piece’s temperature had 
risen quickly. It shows very clearly that from -197 to 20 ℃ that as the temperature 
increases the HV20 (Vickers hardness with a mass of 20 kg) decreases. Ice that formed 
on the surface of the test piece during the experiment needed to be constantly removed 
between indents as it resulted in inaccurate results. The Vickers hardness decreased at 
a rate of -0.14 HV20/℃ from -197 to 20 ℃. Plateauing from 20 to 50 ℃. Past 50 ℃ the 
Vickers hardness increased at a rate of approximately 0.23 HV20/℃. The Vickers 
hardness peaks at around 200 ℃. Past 200 ℃ the Vickers hardness decreases 
dramatically to 470 ℃ at a rate of approximately of -0.5 HV20/℃. 
The practicality of these results in CUHQ, once past 50 ℃ the material becomes much 
harder once reaching 100 ℃. For most relief of residual stresses to occur the maximum 
temperature difference between the surface and core of the test piece must occur 
below 50 ℃. 
It was assumed that temperature was uniform throughout the test, even while the 
thermocouple was in the centre of the test piece and the Vickers hardness tested was 
on the surface. Any temperature difference that did occur was seen as negligible.  
These results were done in tandem with those found in Robinson et al. (2019).  
(Robinson et al. 2019) 
 





























 AGEING RESPONSE AT 100 ℃ 
See Figure 6-15, the ageing response shows that test pieces E increased in Vickers 
hardness over time at a constant temperature of 100 ℃. The x axis (time / (minutes)) is 
a logarithmic scale to the base 10. The test pieces were put in a cold condition (0 ℃) 
before heating, as it is an effective way of stopping any precipitates forming. The two 
most interesting points on the graph are at time periods 0.5 of a minute (30 seconds) 
and 5 minutes. This is because, depending on the type of CUHQ or UHQ reheating 
process, it takes about the same time for the sample to become a uniform temperature. 
The test pieces increase in hardness within this time period at this temperature that is 
the same as the CUHQ and UHQ reheating process. This indicates that during the 
reheating process of CUHQ and UHQ the test pieces have increased in Vickers hardness. 
The harder a material becomes the more resistance it has to plastic deformation. Plastic 
deformation is an essential part of relief of residual stresses and the results shown do 
not represent the core’s Vickers hardness. The core could possibly have a different 
Vickers hardness compared to the surface, especially for the time period of 0.5 of a 
minute. This would be because the sample may not have reached a uniform 
temperature of 100 ℃ in that time period.   
The results shown in Figure 6-15 correspond with the results found in Ramesh et al. 
(2012). The graph shown in that paper does show a significant increase in Vickers 
hardness when subjected to elevated temperatures within a short time frame similar to 
the results produced from this thesis. (Ramesh et al. 2012) 
These results were done in tandem with those found in Robinson et al. (2019). (Robinson 
et al. 2019) 
 































7 TEMPERATURE VS TIME GRAPHS REPEATABILITY STUDY 
 INTRODUCTION REPEATABILITY STUDY 
In this section of the thesis the main data from CUHQ and UHQ test pieces from 
quenching and the reheating phases are presented for test pieces A. The time 
discrepancy from moving the test piece A to a heating or cooling medium was possible 
to determine. The software used was QuickDAQ which can read to a maximum of 200 
Hz. However, that level of data was never needed to produce significant results and was 
determined with trial and error that between a range of 5 and 50 Hz would suffice to 
determine repeatable and reproducible results.  
The cooling and heating rate curves were calculated by taking the slope between each 
temperature and time point. Due to the excess amount of data points, fluctuations of 
the slopes were very small. This led to cooling rate curves producing negative values as 
seen in appendix Figure D-1 as an example. To make the data clearer the data analysis 
sampling tool was used, which is found in Excel. The periodic value changed depending 
on the quantity of data. Using this method for reducing down to key data points can 
remove some significant data. When comparing the maximum cooling or heating rate 
to the original data to the data analysis sample data there is a small difference in 
maximum values. Traditional cooling and heating rate curves and the temperature vs 
time curves are shown on the same figure and tables. However, due to there being so 
many curves for test piece A and to keep the graphs as legible and simplistic as possible 
the data was split.  
For test piece A the average surface temperature was taken from the surface 
thermocouples (centre surface 1, contact surface 1, centre surface 2 and contact surface 
2). The average core temperature was taken from core thermocouples (centre core and 
contact core). The average centre temperature was taken from the centre 
thermocouples (centre surface 1, centre surface 2 and centre core). The average contact 
temperature was taken from the thermocouples nearest the edge of the surface that 
was to be in contact with the test rig (contact surface 1, contact surface 2 and contact 
core). See Figure 7-1, for all the previously mentioned thermocouples placement. The 
distance of the contact thermocouples from the contact face is 5 mm, which is much 
further than the thermocouple placement to a surface. This distance is usually at max 2 
mm or 2.25 mm as seen in Robinson et al. (2019), or even 2.5 mm as seen in Zhang et 
al. (2013) and in large test samples a distance of 6.3 mm has been used by Rozzi et al. 
(1992). The reason for making the contact thermocouples 5 mm away from the contact 
face was due to the ‘wells’ in the shim and the casing of the test rig being 5 mm deep 
each, in order to allow for the test piece A to fit into them. (Rozzi et al. 1992; Zhang et 
al. 2013)  
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During the reheating phase of CUHQ and UHQ the ice melted in a particular way, melting 
from the edges working towards the middle of the test piece, see Figure 7-2. The ice 
formed as soon as the sample left the liquid nitrogen due to the moisture in the air. This 
ice increased in thickness as it entered the water instantly freezing the water 
surrounding the test piece. The time it took to melt had a few variables such as, amount 
of agitation and the mass of the sample. 
Figure 7-3, Figure 7-5, Figure 7-7, Figure 7-9, Figure 7-11 and Figure 7-13 have written in 
the legend ‘∆ T of x’̄ of either surface and core or centre and contact thermocouples. 
This means the ‘difference in temperature of the average’ of either surface and core or 
centre and contact thermocouples. It can be noted that the ∆ T values sometimes gave 
negative results, this only occurred when the test piece was close to a uniform 
temperature.  
Originally repeatability studies were done for test piece G, later these tests were moved 
to appendix D. This was done due to no data from these repeatability tests were adding 
any value to the main content of this thesis.     
 
Figure 7-1: Test piece A’s thermocouple name allocation 
 
Figure 7-2: Representation of the way ice melts on constrained and standard uphill quenching for boiling water. 
Melting from the edges to the very centre of the test piece 
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 WATER QUENCHING 60 ℃ WITH AGITATION, REPEATABILITY STUDY OF TEST 
PIECES A 
Quenching into 60 ℃ from 470 ℃ with agitation was what was determined as the best 
temperature for inducing residual stresses. The residual stresses induced would be high 
enough to read on the X-ray diffractometer but not enough to cause any cracks on the 
test pieces when quenched due to the thermocouples placement.  
The cooling rate for quenching was found by determining the standard deviation, the 
method of which is laid out in Archambault et al. (1980) and Tanner (1999). Due to the 
curvature of the lines in the Figure 7-3 and Figure 7-4, it was stated that the slope should 
be obtained from 400 – 250 ℃. Using the LINEST function in Excel this was easily 
obtained. However, this method cannot always show a major outlier along the time 
access. Hence, why the time of max ΔT was recorded. (Archambault et al. 1980; Tanner 
1999) 
Figure 7-3 and Figure 7-4 are quench 3, seen in Table 7-1 and Table 7-2. The ‘no agitation’ 
repeat study was not carried out as it would not have added any value to this thesis as 
all test pieces A were quenched with manual agitation. Both figures readings were taken 
at 20 Hz. The quenches roughly took 20 seconds for the test to be complete.  
In Figure 7-4 most of the maximum cooling rates peaks are in the range of 350 to 400 ℃. 
Cooling rate centre core seems to be the outlier while all the other curves make more 
sense. This could be an outlier due to the thermocouple not being a tight enough fit. No 
Excel sampling tool was used to achieve these cooling rate curves. Indicating that the 
readings were not high enough at 20 Hz and for more accurate data higher readings 
were needed such as possibly 50 Hz.  
Quench 2 was removed from Table 7-1 and Table 7-2 as it was an outlier quench and 
skewed the results. Both tables had a high standard deviation and coefficient of 
variation. This was expected as with manual agitation it gives a shorter quench period 
for good mechanical properties but higher residual stresses due to the higher max ΔT. 
Due to manual agitation it was difficult to achieve the same exact agitation every time. 
With the size of the sample it can be challenging to achieve a similar quench 
repeatability. It was noted there was a significant loss in temperature of the test piece 
when moving from the oven to the water tank. Even though the max ΔT of x ̄surface and 
core and centre and contact were varied with a high standard deviation, this thesis is 
confident that there was not much difference in the residual stresses achieved using this 
method of quench. Contact surface 2 thermocouple had the highest standard deviation 
in Table 7-1, possibly due to the thermocouple not being a tight enough fit into the test 
piece. In Table 7-2 the temperature of max ΔT had a high standard deviation and the 
time max ΔT had a very low standard deviation. The value of max ΔT is dependent on 
the amount of agitation. In some quenches the rate of agitation was higher than others 








Figure 7-4: Cooling rate vs temperature curve for test piece A when solution heat treated and quenched at 60 ℃ 
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Quench 1 -174 -233 -144 -217 -312 -187 
Quench 3 -224 -256 -130 -150 -309 -158 
Quench 4 -200 -228 -128 -146 -340 -165 
Quench 5 -194 -210 -119 -142 -327 -168 
Average -198 -239 -134 -171 -320 -170 
Standard 
deviation 




10% 6% 6% 23% 5% 9% 
 
Table 7-2: Test piece A quenched at 60 ℃ with manual agitation max ΔT of x̄ surface and core, centre and contact 
with the times they occurred 
Quench Max ΔT of x̄ 
surface and 
core (℃) 
Time of max 
ΔT of x ̄surface 
and core (s) 
Max ΔT of x̄ 
centre and 
contact (℃) 
Time of max 
ΔT of x ̄centre 
and contact (s) 
Quench 1 98 0.7 29 0.3 
Quench 3 53 0.7 35 1.0 
Quench 4 68 1.0 42 1.0 
Quench 5 104 0.8 53 0.6 
Average 73 0.8 35 0.8 
Standard 
deviation 
23 0.2 7 0.4 
Coefficient of 
variation % 




 PAG QUENCHING TIME, TEMPERATURE AND COOLING RATE CURVES, TEST 
PIECE A 
As no FEA simulation was carried out with this quench no standard deviation data was 
needed. Only one single quench into PAG (aqua-quench 251) from a temperature of 470 
℃ was carried out. See Figure 7-5, for the temperature time curves of test piece A being 
quenched into PAG. The quench roughly lasted 150 seconds and was read at 5 Hz. The 
ΔT of x ̄surface and core (light blue) and ΔT of x ̄centre and contact (dark green) curves 
show distinct differences to the results shown in the typical quench into 60 ℃ with 
agitation found in Figure 7-3. The time temperature curves are near uniform during the 
quench.  
The max peaks of the cooling rates fall in between the ranges of 250 to 300 ℃ in Figure 
7-6. All the curves are similar in shape and close to one another in max peak value. 
In Table 7-3 and Table 7-4 cooling rates are very similar, being within 10 ℃/s of one 
another. The time of max ΔT seems high in value. However, with PAG there is a delay as 
the solution condenses around the sample, called ‘double wetting’. According to 
Robinson et al. (2014b) the double wetting temperature of PAG occurs at ~70 ℃. 
(Robinson et al. 2014b) 
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Figure 7-6: PAG quench cooling rate curves, test piece A 
 



















Quench 1 -23 -29 -27 -33 -25 -31 
 
Table 7-4: Test piece A quenched in PAG max ΔT of x̄ surface and core, centre and contact with the times they 
occurred 
Quench Max ΔT of x̄ 
surface and 
core (℃) 
Time of max 
ΔT of x ̄surface 
and core (s) 
Max ΔT of x̄ 
centre and 
contact (℃) 
Time of max 
ΔT of x ̄centre 
and contact (s) 


























Cooling rate / (℃ /sec)
Cooling rate Centre surface 1
Cooling rate Contact surface 1
Cooling rate Centre surface 2
Cooling rate Contact surface 2
Cooling rate Centre Core
Cooling rate Contact core
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 CONSTRAINED UPHILL QUENCHING REPEATABILITY STUDY 
Agitation was not possible, as the weight of the test rig made it extremely difficult to 
accomplish. It was noted that due to the geometry and thickness of the test piece’s faces 
that had contact with the constraint heated at a different rate than that of the centre of 
the test piece.  
The test piece was not fully constrained to the same degree as highlighted in section 
Appendix F. To do so would have been unnecessary to achieve the more accurate heat 
transfer data from the test piece to the test rig. It was assumed that the force between 
the two faces by just a general tighten would produce very similar results to that of test 
piece A being tightened to the degree highlighted in section Appendix F. This was 
implemented to prolong the life of the thermocouples embed in test piece A. It was 
assumed that if the test piece was constrained too much and the sample plastically 
deformed enough this would cause damage to the test piece in the form of cracks 
around the holes. Damage like this would cause inaccurate readings for further repeat 
experiments.  
7.4.1 Constrained uphill quenching using boiling water with no agitation, 
repeatability study of test piece A 
The test rig was lowered to the bottom of the quench tank and left until heated to 
approximately 100 ℃. The time it took to load the test piece into the sample was timed 
to be on average 1 minute. There was then another ±30 seconds to place the entire test 
rig into boiling water. See Figure 7-7, this shows the time taken for the experiment was 
about 400 seconds with ±30 seconds throughout the entire repeatability study of this 
section. It can be seen clearly the slope of the time temperature curves changes 
drastically at 100 seconds. This was when the test rig was lowered into the boiling water. 
This loading stage before 100 seconds is vital. Most relief of residual stress occurs within 
the first few seconds of any quench. It can be seen that in the early stage of the quench 
there is an early temperature difference between the centre and contact thermocouples 
highlighted by the dark green curve. This was because the test rig was at room 
temperature conditions and as the test pieces were being loaded caused this 
temperature difference. When the test rig is lowered into the boiling water the sample’s 
temperature became uniform once more to then spike within 1 second of being in the 
boiling water. The rise in temperature from this point is uniform. From 80 ℃ the 
temperature begins to plateau. This section of the quench took the longest due to the 
mass of the test rig, as it took more thermal energy to raise its temperature than the 
test pieces to 100 ℃.  
This study was measured at 20 Hz. For representation purposes the Figure 7-7 and Figure 
7-8 were subjected to data analysis tool sampling of a period of 20 bringing the time 
interval up to close to 1 Hz.  
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See Figure 7-7, at -150 ℃ the test rig was lowered into the boiling water. This can be 
seen as there is significantly less noise at this point. The max heating rate peaks are in a 
range of -50 to -25 ℃. The expected results were to see the max peaks to be in a range 
of -150 to -100 ℃. This is because in most cases of UHQ the max peaks usually occur 
when the test piece has entered the reheating phase. However, due to the sample being 
made to wait longer than is specified for a standard uphill quench of 15 seconds ice 
forms around the surface of the test piece. These time temperature curves have also to 
deal with a large mass of steel (21 kg) at room temperature, while being dropped into 
the tank which lowers the temperature of the boiling water. It was noted during the 
study the water dropped to a temperature of 96 ℃ before beginning to rise in 
temperature again due to the heaters in the water bath.   
Figure 7-7 and Figure 7-8 represent quench 3 in Table 7-5 and Table 7-6. Standard 
deviations in Table 7-5 are low. The rise in temperature of the test piece A was very 
uniform as the average ℃/s was less than 2 ℃/s difference for all six thermocouples.  
As stated there was a ±30 second leeway with loading the test piece successfully into 
the test rig and dropping it all into the boiling water. This is why the standard deviations 
are high for the time of max ΔT for both x ̄surface and core and x ̄centre and contact in 
Table 7-6. This was because of the variation of time when placing the test rig into the 
boiling water. The max ΔT of x ̄ surface and core and x ̄ centre and contact standard 
deviations vary from one another. The higher of the two occurs with of x ̄ centre and 
contact because of the time variation at the beginning of the study. Longer exposure to 




Figure 7-7: Time vs temperature curves of test piece A when constrained uphill quenched with boiling water  
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Table 7-5: Heating rates between a range of -100 to 50 ℃, as test piece A was constrained uphill quenched with 



















Quench 1 7.3 7.1 8.2 7.7 7.9 7.3 
Quench 2 7.5 6.3 8.1 6.7 7.8 6.7 
Quench 3 7.2 6.9 7.5 7.3 7.4 7.4 
Quench 4 7.1 6.4 7.3 6.8 7.3 6.8 
Quench 5 7.4 6.6 7.6 6.7 7.8 7.0 
Average 7.3 6.6 7.7 7.1 7.6 7.0 
Standard 
deviation 




2% 5.1% 4.9% 6.2% 3.5% 4.4% 
 
Table 7-6: Test piece A constrained uphill quenched with boiling water max ΔT of x̄ surface and core, centre and 
contact with the times they occurred 
Quench Max ΔT of x̄ 
surface and 
core (℃) 
Time of max 
ΔT of x ̄surface 
and core (s) 
Max ΔT of x̄ 
centre and 
contact (℃) 
Time of max 
ΔT of x ̄centre 
and contact (s) 
Quench 1 24 83 11 91 
Quench 2 21 102 38 69 
Quench 3 25 100 17 100 
Quench 4 22 91 17 92 
Quench 5 24 76 34 62 
Average 23 90 23 83 
Standard 
deviation 
1 11 12 16 
Coefficient of 
variation % 





7.4.2 Constrained and standard uphill quenching using steam, repeatability 
study of test piece A 
CUHQ and UHQ steam methods had the same time and thermal energy inputs. This from 
a time, temperature and heating rate does not change regardless of the added 
constraint. Due to needing a ‘dry run’ with the steam to unclog the system of water the 
test rig is slightly pre heated. This effects the reheating rate of the test piece during the 
loading stage of the experiment, meaning by the time the steam is switched on the test 
piece is already at close to -150 ℃. Quench 5 from Table 7-7 and Table 7-8 is represented 
in Figure 7-9 and Figure 7-10. This study was measured at 50 Hz. For representation 
purposes the Figure 7-9 and Figure 7-10 were subjected to data analysis tool sampling 
of a period of 50 bringing the time interval near to 1 Hz. The max heat rate peaks lie in 
a broad range from 0 to 50 ℃. The centre core peak was an outlier in Figure 7-9. 
It was noted that it took between 45 seconds to 1 minute to load and turn on the test 
rig in section 6.4 and 6.7. This load time was replicated as best as possible in this current 
section. The entire reheating phase only took 1 minute and 30 seconds. However, when 
the steam started the actual reheating phase was 30 to 45 seconds on average. As in 
section 7.4.1, the test piece was unconstrained. The shim was removed from the test as 
it became too difficult to load the test piece into the rig with all the added 
thermocouples and the shim together. Despite the absence of the shim it was believed 
that it would have no major influence on replicating the temperature conditions during 
the actual experiment, as the shim had more of a mechanical function. The test rig’s 
temperature before the experiment was unknown. It was between room temperature 
conditions and 107 ℃ because the steam only effected the inner sides of the test rig.  
This experiment was very easily repeatable and this is shown with the low standard 
deviations in Table 7-7. Standard deviations were increased slightly in Table 7-8 but not 
more than seen in other sub sections. As expected the heating rates were high due to 
the high thermal energy that must have come from the high pressure steam. The max 
temperature difference peak values in Table 7-8 occurred within an average of 2 seconds 
of one another whilst the steam was at full flow. There was usually about 10 seconds 




Figure 7-9: Time vs temperature curves of test piece A when constrained uphill quenched with steam at 200 kPa 
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Quench 3 22.5 20.0 21.0 14.9 19.8 18.2 
Quench 4 28.1 25.3 22.3 22.1 23.1 23.5 
Quench 5 25.2 25.1 23.2 17.6 24.6 21.6 
Quench 6 24.5 19.8 21.9 17.2 24.0 18.8 
Quench 7 25.3 21.5 24.4 24.5 24.8 27.7 
Average 25.1 23.5 22.2 18.2 22.5 21.1 
Standard 
deviation 2.0 3.0 1.1 3.6 2.5 2.7 
Coefficient 
of 
variation % 8% 12.7% 5.1% 19.8% 11.0% 12.9% 
 
Table 7-8: Test piece A constrained uphill quenched with steam max ΔT of x̄ surface and core, centre and contact 
with the times they occurred 
Quench Max ΔT of x ̄
surface and 
core (℃) 
Time of max ΔT 
of x ̄surface and 
core (s) 
Max ΔT of x̄ 
centre and 
contact (℃) 
Time of max ΔT of 
x̄ centre and 
contact (s) 
Quench 3 27 75 86 81 
Quench 4 17 82 104 84 
Quench 5 27 74 100 76 
Quench 6 17 76 67 78 
Quench 7 37 72 79 74 
Average 25 76 87 78 
Standard 









7.4.3 Constrained uphill quench with a slow reheat, time, temperature and 
heating rate curves, test piece A 
This was to show that no high temperature gradients occurred between the surface and 
core of test piece A during the experiment in section 6.5. This temperature time data 
graph shown in Figure 7-11 and Figure 7-12 shows that if any relief of residual stresses 
occurred it was due to the physical constraint. This test was run at 5 Hz as it was assumed 
that with the duration of the test a lower frequency would be needed to achieve 
accurate information. In fact, 5 Hz proved to be too much and it is possible 1 hz/s would 
have been better suited.  
It was noted when analysing the results of the uphill quench that the average surface 
and core heated at the same rate with only a max ΔT of 11 ℃, which was the objective 
to prove. However, an interesting result seen in Figure 7-11 was that when taking the 
temperature difference from the thermocouple from the centre and those close to the 
contact faces of the test pieces there was a rise in the max ΔT. This is because the test 
rig was at room temperature and so the temperature of the contact faces rose quicker 
than the centre area of the test piece. The heating rates are very gradual and did not 
indicate towards rapid heating which is essential towards thermal relief in UHQ. Minimal 
thermal relief of residual stresses occurred in this experiment. This would show that the 
results of the residual stresses shown through X-ray diffraction found in section 6.5 were 
from constrained thermal expansion. The heating rates for the average surface and core 
were basically identical. The highest heating rate was recorded on the average contact 
thermocouples; this was the case for reasons explained earlier. This time of the 
maximum heating rate and ΔT occurred within the first few seconds of the reheating 
phase, which was expected as the test piece was at its highest temperature difference 
to the air.  
See Figure 7-12, the range of max peaks lies over a very broad spectrum of between          
-130 to -70 ℃. Once the test piece reached the same temperature as the test rig at the 
contact faces the curves began to follow the same pattern. There was a dip at 20 ℃ as 
there was a time delay getting the test rig into the oven.  
See Table 7-9, the heating rates are less than 0.005 ℃/s difference between all six 
thermocouples. In Table 7-10, the max ΔT’s and the time of max ΔT’s are very spread 




Figure 7-11: Time vs temperature curves of test piece A when constrained uphill quenched with a slow reheat 
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Table 7-9: Heating rates between a range of -100 to 50 ℃, as test piece A was constrained uphill quenched with a 



















Quench 1 0.052 0.047 0.051 0.047 0.052 0.047 
 
Table 7-10: Test piece A constrained uphill quench slow reheat max ΔT of x̄ surface and core, centre and contact 
with the time it occurred 
Quench Max ΔT of x̄ 
surface and 
core (℃) 
Time of max 
ΔT of x ̄surface 
and core (s) 
Max ΔT of x̄ 
centre and 
contact (℃) 
Time of max 
ΔT of x ̄centre 
and contact 
(min : s) 






 UPHILL QUENCHING USING BOILING WATER WITH AGITATION, 
REPEATABILITY STUDY OF TEST PIECE A 
All the experiments in this section were run at 20 Hz. Like in previous sections for 
representation purposes the sampling tool was used in Excel with a periodic of 20 to 
bring it to 1 Hz.  
Figure 7-13 and Figure 7-14 represent quench 4 in Table 7-11 and Table 7-12. The time 
taken for the typical UHQ with boiling water was about 30 seconds.  
In Figure 7-13, there was a clear temperature difference between the contact face and 
centre thermocouples, which was of a higher magnitude than the average surface and 
core thermocouples. This is shown with the light blue and dark green curves in Figure 
7-13. The maximum temperature values are highlighted in Table 7-12. 
See Figure 7-14, the maximum surface heating rates occur within a tight range of -150 
to -100 ℃. The core heating rate curves are lower than the majority of surface heating 
rates. The heating rate centre surface 2 seems to be an outlier but when compared to 
the other uphill quenches preformed in this repeatability study it fits within the standard 
deviation shown in Table 7-11.  
In Table 7-11 there is a clear difference in the centre and contact thermocouples. If an 
average of the ranges was taken for both the centre and contact thermocouples heating 
rate ranges, there would be a difference of 10.63 ℃/s. Here, a low standard deviation 
was achieved. 
The average max ΔT of x ̄centre and contact was 36 ℃ higher than the average max ΔT 
of x ̄surface and core. The time difference was 3.2 seconds. The difference in these two 
values was due to the way in which the layer of ice melted, working from the edges to 
the centre on all faces. There was a low standard deviation despite the sample being 
agitated manually. The coefficients of variation are not accurate in the time of max ΔT’s 





Figure 7-13: Time vs temperature curves of test piece A when uphill quenched with agitation in boiling water 
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Table 7-11: Heating rates between a range of -100 to 50 ℃, as test piece A was uphill quenched with agitation in 



















Quench 1 20.5 34.1 21.4 32.6 20.9 32.9 
Quench 2 17.7 27.3 18.9 26.6 18.9 26.5 
Quench 3 16.5 28.5 17.0 29.3 17.4 28.5 
Quench 4 16.7 27.1 17.4 28.7 17.5 26.4 
Quench 5 17.7 29.6 18.4 29.6 18.6 30.6 
Average 17.8 29.2 18.7 29.3 18.7 28.6 
Standard 
deviation 




8.9% 11.2% 10.6% 8.5% 8.7% 10.7% 
 
Table 7-12: Test piece A uphill quench with agitated boiling water max ΔT of x̄ surface and core, centre and contact 
with the time it occurred 
Quench Max ΔT of x̄ 
surface and 
core (℃) 
Time of max 
ΔT of x ̄surface 
and core (s) 
Max ΔT of x̄ 
centre and 
contact (℃) 
Time of max 
ΔT of x ̄centre 
and contact (s) 
Quench 1 32.7 2.2 65.0 4.8 
Quench 2 29.7 1.9 65.7 5.2 
Quench 3 33.3 2.1 68.7 5.5 
Quench 4 27.5 2.2 69.3 5.9 
Quench 5 35.0 2.3 72.7 5.6 
Average 30.8 2.1 67.2 5.3 
Standard 
deviation 
2.7 0.1 2.1 0.5 
Coefficient of 
variation % 
8.8% 7.1% 3.2% 8.9% 
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8 FINITE ELEMENT ANALYSIS 
 FINITE ELEMENT ANALYSIS INTRODUCTION 
The software used was Abaqus ver 2018. The number of studies done are outlined in 
Table 8-1. Specific models in order to be accurate took certain heat flux, temperature 
and von Mises stress results from other models.  
Section Appendix E.1 highlights all the temperature dependant material property data 
needed for the models. Sections 8.2, 8.3 and 8.4 are laid out to look at all the parameters 
and solution strategies in the heat transfer and coupled temperature displacement 
models. Some models had variables that were common and are addressed in major 
headings. Minor sections looked at specific results.  
FEA was only done for some experiments that used the thermocouple test piece A. 
Attempts to make models from test piece G experiments were unsuccessful and so were 
removed. Reasons for this were the lack of accurate time vs temperature data with the 
three thermocouples available. More thermocouples were needed in the major 
surfaces, to create a better average surface temperature during quenching and UHQ.  
The magnitude of stresses found in the test pieces were of the most interest. Analysing 
the deformation of the test piece was difficult as some solutions required two separate 
models to complete. Taking the exact deformation from the first part of the solution due 
to quenching and implanting that with the exact same height into the second part of the 
solution with the same mesh would give different mesh densities. This would lead to the 
nodes not matching up in the pre-defined stress field and the second part of the solution 
not to run correctly. This was only the case for CUHQ models.  
There are time, temperature and stress graphs in sections 8.3 and 8.4. These figures 
used nodal points on the models identical to that of the X-ray measurements in section 
6. Due to being a different model the points of measurement were labelled differently 
and are outlined in Table 8-2. It can be said now for the sake of not repeating, that the 
temperature has a direct impact on the stresses present in those nodal points. Due to 
the constraint this was emphasized more with higher peak stresses to UHQ models.  
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Description Pervious data used 
1a 
2D Heat transfer 
Quench 470 to 60 ℃ Section 7.2 
1b CUHQ boiling water Section 7.4.1 
1c CUHQ and UHQ steam 
200 kPa  
Section 7.4.2 






Quench 470 to 60 ℃ Model 1a 
2b CUHQ boiling water Model 2a and 1b 
2c CUHQ steam 200 kPa  Model 2a and 1c 
2d UHQ boiling water Model 1a and 1d 
2e UHQ steam 200 kPa Model 1a and 1c 
 
Table 8-2: Time, stress and temperature transient curves point of measure name equivalent 
Section 6 name  Section 8 name equivalent 
𝜎𝑅𝑆𝐿  (L-LT)   S33 (x-z) 
𝜎𝑅𝑆𝐿  (L-ST)   S33 (y-z) 





 FINITE ELEMENT ANALYSIS OF HEAT TRANSFER  
Using the methods outlined in Tanner (1999) and Ulysse (2009) an area inverse heat flux 
solution was used to calculate the heat transfer coefficient. Ulysse and Schultz (2008) 
have used the software INTEMP to calculated the surface film values and then inserted 
those into Abaqus for the thermal stress analysis. INTEMP was not used in this thesis. 
(Tanner 1999; Ulysse 2009) 
It was assumed heat flowed in only one direction, so 2D heat transfer models for test 
pieces A representing the core to the average surface thermocouples were made. 
Quenching and reheating data that was closest to the averages and within the standard 
deviations found in section 7 were used. The time vs temperature curves generated 
during quenching and reheating the average surface data was applied as amplitudes in 
Abaqus. This data was then applied to the amplitude for surface values. The accuracy of 
the data used was to 3 decimal places.  
Taking the average distance of the surface thermocouples to the core dictated the 
geometry of the model, making the length 12.5 mm. The width of the model did not 
affect the result so it was decided to make it the same diameter as the thermocouple of 
1.5 mm wide. It was found that alternating the length from the surface to the core of 
the model effected the magnitude of the results. There were a total of 132 elements 
with a mesh density of 27E6 elements/m2 within 1 mm from the ‘surface’ and the rest 
of the 11.5 mm length of model had a mesh density of 2.7E6 elements/m2, see Figure 
8-1. 
The time step for this was very important for these models. The maximum time was 
different for each model and had to be long enough for the entire model to attain 
uniform temperature. The initial time had to be the same as the start of the time 
amplitude. The minimum was set to 1E-6 seconds. The maximum change in time 
increment was the full time of the analysis and the maximum change in temperature 
per increment was 10 ℃.  
The results were taken from a unique nodal on the ‘surface’ of the models. This was due 
to the heat flux results being element size dependent. Taking the heat flux in only one 
direction and temperature data results from the average surface temperature of the 
four thermocouples, a number of heat transfer models were made to calculate the heat 
transfer coefficient using Equation 3-3. The results of which are shown in Figure 8-2.  
 
 
Figure 8-1: 2D heat transfer model of test piece A  
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8.2.1 Heat transfer coefficient 
These heat transfer coefficient values really made up the crux of the problem for the 
FEA modelling. Wrong heat transfer coefficient values changed the stresses produced in 
the test piece significantly. Depending on the geometry of the test piece and a number 
of other quenching parameters, the heat transfer coefficient values vary substantially 
depending on the surface temperature of the model. The heat transfer coefficient values 
were higher than what has been seen before, see Figure 8-2. This is due to test piece A 
having fast quenching and reheating times compared to other literature work, such as 
Nukiyama (1966), Yoshihara et al. (1992) and Tanner (1999). (Nukiyama 1966; Yoshihara 
et al. 1992)(Tanner 1999)  
Test piece A was agitated which drove the peaks of the heat transfer coefficient values 
higher than previously expected, see Figure 8-2. Any models that used steam were not 
agitated. However, the pressure and temperatures achieved were different on different 
sized geometry test pieces, which would explain the different heat transfer coefficient 
values achieved. It was found that reducing the amount of data points by limiting the 
number of data points from the field output to only between 10 and 20, time, 
temperature and heat flux values sped up processing time for the models later in this 
section. 
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 FINITE ELEMENT ANALYSIS OF CONSTRAINED UPHILL QUENCHING 
There are a lot of features that were common between sections 8.3.1, 8.3.2 and 8.3.3. 
The quenching model in section 8.3.1 is used as the datum stress model for the model 
in sections 8.3.2 and 8.3.3. The only differences between the CUHQ using boiling water 
and steam models were the heat transfer coefficient values and the time used for the 
steps. All common aspects between these models are explained below in detail. 
1/4 sized models were decided to be used. 1/8 sized models were thought possible due 
to the test piece ideally plastically deforming equally from both sides but in the real 
application this was not the case. See Figure 8-3, for representation of the 1/4 sized 
model used.  
A bolt was initially part of the assembly but was later removed as it was decided to be 
made into a boundary condition along that axis, which will be explained further along in 
this section. Initial models’ results were taking considerably longer to run with the added 
elements and contact interactions the bolt’s part was adding. Due to results being 
focused on the test piece and not the bolt, it was decided to be removed. The amount 
of interactions the bolt had with the bolt hole on the casing and the shim were difficult 
to model.  
The initial shim part was modelled perfectly to the actual part. However, where the bolt 
made contact with the shim, the small recesses to stop the bolt slipping out during the 
actual experiment, were removed from the part. This was done as the size of the 2 mm 
deep hole made the elements needed in an area of non interest which was difficult to 
mesh, so it was decided to make it simpler, see Figure 8-4. The shim was a common part 
for both models 2b and 2c. The shim had a bulk mesh of 0.004, the mesh was kept coarse 
to make the part stiff and difficult to deform, see Figure 8-5. 
The steel casing had a bulk mesh of 0.006, see Figure 8-6. The bolt hole had a local seed 
by number of elements of 4 per quarter diameter of the hole. The hole was partitioned 
into quarters. The inner corners also had a local seed by number of elements of 4.  
The test piece for the quench model and CUHQ boil and steam model used a simple bulk 
mesh of 0.003, see Figure 8-7. The density of the mesh was decided during a mesh 
sensitivity study in section Appendix E.2. The slave contact surface must have a lower 
mesh than the master surfaces of the shim and casing.  
The shim, casing and test piece have the exact same mesh control and mesh element 
type. The mesh control was a quad structured and a mesh element type of standard 
quadratic C3D20RT (A 20-node thermally coupled brick, triquadratic displacement, 
trilinear temperature, reduced integration). 
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Adaptive meshing was looked at as a way to model the stresses in areas of high stress 
accurately. However, due to some models requiring predefined stress from others it was 
difficult to keep the nodes the same for the two separate models. As the adaptive mesh 
worked, the predefined stress would not be the same at the start of a new iteration. 
Adaptive meshing only applies to tet meshes. It was easier and saved processing time to 
have a hex mesh. 
CUHQ using boiling water and steam models 2b and 2c had the exact same steps. These 
steps follow the procedure outlined in section 4.2.1. The steps time increments vary 
from the CUHQ boiling water and steam models. The CUHQ using boiling water 
reheating step time was taken from section 7.4.1. The CUHQ using steam reheating step 
time was taken from section 7.4.2. Steps that had no direct impact to the relief of 
residual stresses were set with a max time of one second. 
The field outputs taken for models 2a, 2b and 2c were E, HFL, PE, PEEQ, PEMAG, S, TEMP 
and U. No history outputs were needed. 
Thermal interactions such as quenching and reheating were needed for models 2a, 2b 
and 2c. These interactions can be made as surface film conditions, shown in Figure 8-8. 
Heat transfer coefficient values used were taken from Figure 8-2. CUHQ boiling water 
and steam models 2b and 2c respectively had a few areas of contact, with the test piece 
to the shim and casing, see Figure 8-9. The interaction properties used were tangential 
behaviour with a penalty of 0.06 friction coefficient taken from Tanner and Robinson 
(2003). The thermal conductance is outlined in Table 8-3. Thermal conductance was not 
an important variable to these models. (Tanner and Robinson 2003) 
Boundary conditions for quenching model 2a were applied to the two axis of symmetry 
used and one centre point boundary condition to keep the model in the same spot 
during the steps. There are multiple temperature boundary conditions that are directed 
to the entire model. These temperature boundary conditions are applied to one step at 
a time and are only activated for that same step, such as room and liquid nitrogen 
temperatures. 
CUHQ using models 2b and 2c of boiling water and steam had two axis of symmetry 
boundary conditions that were used on the 1/4 sized models, see Figure 8-10 (A) and 
(B). Two boundary conditions were needed in order to replace the effects of a bolt (C) 
and (D). Boundary conditions (A), (B) and (C) were used in all steps. However, boundary 
condition (D) was deactivated for the final step of removing the constraint. There was 
one temperature boundary condition to bring the entire test rig to a temperature of 
20 ℃ before the final step of removing the constraint.  
Pre-defined fields for the quenching model are for initial pre-defined temperatures of 
470 ℃. For the CUHQ using boiling water and steam there are two predefined 
temperature fields used, 20 ℃ for the casing and shim and -197 ℃ for the test piece. 
The initial predefined stress is used for test pieces only. The stress results from the 
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quenching models are taken and linked to the CUHQ models. It is key that both models 
are the exact same geometry and have the same number of elements.  
Figure 8-11 shows the path analysis used to show the residual stresses along a line. The 
Quench 60 °C results will be shown in comparison further on in sections 8.3.2 and 8.3.3. 
 
Figure 8-3: 1/4 sized constrained uphill quench boil model 
 
 
Figure 8-4: Shim part; (A) initial part and (B) modified part used 
 
 




Figure 8-6: Casing part mesh; (A) full bulk mesh and (B) Local seeds 
 
 
Figure 8-7: Test piece A mesh 
 
 
Figure 8-8: Constrained uphill quenching boiling water and steam surface film interaction of heat transfer 




Figure 8-9: CUHQ contact interaction representation. Yellow squares indicate areas of contact 
 
 
Figure 8-10: Constrained uphill quenching models boundary conditions; (A) and (B) symmetry axis, (C) Bolt and (D) 
shim constraint boundary conditions 
 
Table 8-3: Interaction property thermal conductance 








Figure 8-11: Paths analysis of test piece A 1/4 sized model 
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8.3.1 Finite element analysis of constrained uphill quenching initial quench 
For the quench in 60 ℃ water plus agitation, model 2a had 3 steps, which follow the 
treatment process outlined in section 4.1.1.  
Figure 8-12 shows the residual stresses in the S11, S22 and S33 directions for quenching 
test piece A into water at 60 °C with agitation. These were the datum residual stresses 
in which to measure the magnitude of relief achieved for later models 2b and 2c. The 
figure shown is at room temperature and in the actual model the steps went as far as 
cooling the test piece to -197 °C. The test piece thermally constricted and so changed 
the stresses slightly. In this thesis the change of stress from room temperature to -197 °C 
post quenching experimentally was unknown. However, in later models the test piece is 
needed at this low temperature during the start of the reheating step. It was decided to 
keep the model as accurate as possible to the experimental values and use these low 








8.3.2 Finite element analysis constrained uphill quenching using boiling 
water 
Figure 8-13 shows the time, temperature and stress of the process at specific nodal 
points. The nodal points are the areas in which the residual stresses were measured 
experimentally. This allows the stress to be shown at specific temperatures of the 
process. It can be seen that the stresses in the test piece increased whilst under the 
constraint and began to level once the temperature stopped rising. Once the 
temperature lowered to room temperature and released from the constraint the 
residual stresses relaxed. Once the temperature on the surface became level the two 
S33 stress points also became uniform.  
See Figure 8-14, for the CUHQ with boiling water overall S11, S22 and S33 residual 
stresses post treatment. The percentage of stress results for the overall specific 
directions can be seen in Table 8-4. With the majority of relief occurring in the S33 min, 
which was expected. The aim was to reduce these compressive forces in the S33 
direction which was the long axis of the test piece.  
 
Table 8-4: Percentage of residual stress relief in the S11, S22 and S33 directions for constrained uphill quenching 
boiling water 
 
S11 max  S11 min  S22 max  S22 min  S33 max  S33 min  
% relief  18% 26% 21% 21% 37% 76% 
 
 

















































Figure 8-14: Finite element analysis of predicted residual stresses for constrained uphill quenching using boiling 
water on test piece A 
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8.3.3 Finite element analysis constrained uphill quenching using steam 
Much of this model stayed the same as it was a copy of the CUHQ boiling water FEA 
model found in section 8.3.2. With the only variation being the steam heat transfer 
coefficient values for the reheating step and the time for the reheating step. In the 
physical experiment of this model there were two parts called sealing plates to keep the 
pressure of the steam from escaping. These sealing plates were not added to the FEA 
model and the steam inlets were also excluded. This was done because a pressure step 
would not affect the residual stresses in the test piece. The added contact of the sealing 
plate did not add any loading support to the casing, so did not affect the results. 
Initial thoughts looking at localisation effects of steam from Robinson et al. (2019) was 
to have local impact zones under the steam inlets on the test piece’s surface. However, 
looking at the uniformity of the results in Table 6-5 it seemed that when reproducing 
the results in Abaqus there was no need to have these local impact zones. (Robinson et 
al. 2019) 
Much like in the previous section 8.3.2 but with the exceptions of looking at Figure 8-16 
and Table 8-5, the results follow the same pattern but are greater in magnitude, see 
Figure 8-15.  
 
Table 8-5: Percentage of residual stress relief in the S11, S22 and S33 directions for constrained uphill quenching 
steam 
 
S11 max  S11 min  S22 max  S22 min  S33 max  S33 min  
% relief   21% 29% 24% 22% 42% 78% 
 
 

















































Figure 8-16: Finite element analysis of predicted residual stresses for constrained uphill quenching using steam on 
test piece A 
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 FINITE ELEMENT ANALYSIS OF UPHILL QUENCHING  
Much of the parameters are the same as those found in section 8.3, such as the hex 
mesh used, field outputs and predefined temperature. 
Models 2d and 2e found in sections 8.4.2 and 8.4.3 were 1/8 sized models due to the 
test piece’s geometry, see Figure 8-17. Due to there being no loading stage and being 
thermally constrained there was no need to split the model into two separate models 
as in section 8.3. These two models were the exact same in every variable with exception 
to the reheating steps heat transfer coefficient interaction values shown in Figure 8-18 
and the time of the reheating steps.  
Both models have 3 symmetry axis boundary conditions, see Figure 8-19. Three 
temperature boundary conditions were applied to the entire model to ensure a uniform 
temperature for that required step. The path analysis direction is shown in Figure 8-20.  
Both models have datum quench stress values similar to that in section 8.3, in which to 








Figure 8-18: Uphill quenching boiling water and steam surface film interaction of heat transfer coefficient values 
applied to the test piece’s surface indicated in red 
 
 






Figure 8-20: Paths analysis of test piece A 1/8 sized model 
 
8.4.1 Finite element analysis uphill quenching initial quench 
Unlike the quench analysis in section 8.3.1, this model is a step halfway through models 
2d and 2e. This quench analysis is the same for models 2d and 2e. As explained earlier 
this is just for the stresses of the 1/8 model at room temperature post solution heat 




Figure 8-21: Predicted residual stresses of 1/8 sized test piece A, post quenched into 60 ℃ water with agitation 
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8.4.2 Finite element analysis uphill quenching using boiling water 
Not much relief can be seen in Table 8-6 and Figure 8-23. Most of the minimum relief 
came in the S11 min and the S33 min directions. These results are much lower than what 
has been seen in previous literature. The nodal points, see Figure 8-22, which are the 
same areas as the stress measurements taken in section 6.6, do not have any major 
relief. 
Table 8-6: Percentage of residual stress relief in the S11, S22 and S33 directions for uphill quenching boiling water 
 
S11 max  S11 min  S22 max  S22 min  S33 max  S33 min  
% relief  0.07% 15% 0.06% 0.26% 0.09% 13% 
 
 






















































8.4.3 Finite element analysis uphill quenching using steam 
The thermal surface film interaction of the heat transfer coefficient values used for this 
model were the same used in section 8.3.3. The overall relief seen in Table 8-7 and Figure 
8-25 followed the same pattern as the results seen in section 8.4.2 but with slightly 
higher magnitudes. The relief that occurred removed most of the compressive forces.  
Results in Figure 8-24 show the unique nodal stresses as a function to time and 
temperature. There was a decrease in the stresses as the temperature began to increase 
as a response to the thermal shock.  
Table 8-7: Percentage of residual stress relief in the S11, S22 and S33 directions for uphill quenching steam 
 
S11 max  S11 min  S22 max  S22 min  S33 max  S33 min  
% relief  0.07% 18% 0.06% 0.36% 0.17% 16% 
 
 

















































Figure 8-25: Finite element analysis predicted residual stresses using uphill quenching steam on test piece A 
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 COMPARISON OF FINITE ELEMENT ANALYSIS OF CONSTRAINED AND 
STANDARD UPHILL QUENCHING RESULTS 
Figure 8-26, Figure 8-27, Figure 8-28 and Figure 8-29 are the path stress field outputs. 
All the datum quenches at 60 ℃ were shown to represent the effects of the treatment. 
The nodal percentage of relief from stresses can be seen in Table 8-8.  
CUHQ boil and steam S33 in Figure 8-26 show the two stresses on the x-z and y-z faces 
to be almost uniform post treatment. Despite the test rig not being a uniform shape for 
the CUHQ models, the S33 stresses along the long axis were uniform along the length. 
It can be seen that the majority of the relief occurred in the contact edges of the CUHQ 
steam S33 (x-z), see Figure 8-26. CUHQ steam had higher relief than CUHQ boil, as can 
be seen in Figure 8-26 and Figure 8-27 
UHQ models S22 and S33 path analysis didn’t give any relief that was visible, see Figure 
8-28 and Figure 8-29. Despite there not being any apparent relief in the path analysis 
this was not the case for the full stresses outlined in sections 8.4.2 and 8.4.3. The same 
heat transfer coefficient values process was used for these models. Heat transfer 
coefficient values used for the UHQ steam was the same as those used in the CUHQ 
steam models.   
Table 8-8 nodal analysis showed that CUHQ models gave higher percentages of stress 
relief in the S22 and S33 directions than UHQ models. CUHQ steam model only gave 
slightly higher results despite having higher heat transfer coefficient values for the 
reheating results.  
It would seem that with the low results of the UHQ models and low difference in results 
between CUHQ using boiling water or steam would highlight again that the majority of 




Figure 8-26: Constrained uphill quenching using boiling water and steam water path S33 relief from quenching into 
60 ℃ water 
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Figure 8-28: Uphill quenching using boiling water and steam path S33 relief from quenching into 60 ℃ water 
 
 
Figure 8-29: Uphill quenching using boiling water and steam path S22 relief from quenching into 60 ℃ water 
 
Table 8-8: Nodal analysis of percentage of S22 and S33 stress relief of constrained uphill quenching and uphill 
quenching boiling water and steam from datum quench models 
Model Stress relieved  
 S33 x-z (%) S33 y-z (%) S22 y-z (%) 
UHQ boil -0.04 -0.03 0.001 
UHQ steam -0.2 -0.1 0.01 
CUHQ boil 39 54 26 
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9 COMPARISONS OF EXPERIMENTAL AND FINITE ELEMENT ANALYSIS 
RESULTS 
Due to reasons explained earlier in section 6, 𝜎𝑅𝑆𝐿  direction on the L-LT face X-ray results 
will not be compared to the FEA nodal S33 stresses on the x-z face results. Nodal values 
were taken from the exact same spot as the X-ray results in section 6. This allowed an 
evaluation of the percentage of error of the FEA models in section 8, see Table 9-1.  
The percentage of error acceptable is subjective to the function of the model. Ideally, 
for these models a < 10 % error is acceptable. See Table 9-1, higher percentage errors 
can be seen in the S22 stresses on the y-z face nodal location. The lower percentages of 
error occur in the S33 stresses on the y-z face nodal location. The S33 stresses on y-z 
face in that location and direction are along the long axis of the test piece where the 
most deformation occurred. These stresses of the S33 direction are considered of more 
interest than the secondary S22 stresses on the y-z face which are transverse to the 
deformation. The quench 60 ℃ 1/8 sized model was more accurate than the quench 
60 ℃ 1/4 sized model in the S33 direction. This was expected as the 1/8 sized model had 
a higher mesh density. Overall, CUHQ models were more accurate than the UHQ models.  
Table 9-1: Percentage error between experimental and finite element analysis nodal residual stress 
FEA model Percentage error of S33 (y-z) 
(%) 
Percentage error of S22 (y-z) 
(%) 
Quench 60 ℃ 1/8 2% 30% 
Quench 60 ℃ 1/4 9% 29% 
UHQ boil 11% 54% 
UHQ steam 11% 54% 
CUHQ boil 4% 36% 





1) Surface residual stresses for CUHQ using boiling water and steam were relieved 
about 60 and 66 % in the L orientation and 30 and 38 % in the ST orientation 
respectively. Surface residual stresses for UHQ for boiling water and steam were 
relieved about 12 % for both methods in the L orientation and 16 % for both 
methods in the ST orientation. Percentages of relief in the steam methods were 
lower than expected and from what has been previously seen in literature. 
Comparing the CUHQ methods and incremental cold compression results, the 
majority of relief of residual stresses comes from the thermal constraint. Despite 
the CUHQ method working, PAG quenching was the most successful at achieving 
low residual stresses post treatment.  
2) A functioning and simple test rig that constrained thermal expansion was 
developed and tested. It was modified to use boiling water or pressurized steam 
depending on the experiment carried out. 
3) Incremental cold compression results showed that a deformation of 0.6 % is 
enough to relieve 90 % of the residual stresses in the L and ST direction when 
deformation occurs in the L direction. The CUHQ method, when compared to the 
cold compression results, showed the same patterns and a similar relief of 
residual stresses for the same amount of deformation. Post quench delay 
showed no clear results, other than keeping the time that mechanical relief 
occurs constant. 
4) In cryogenic conditions the alloy decreased in Vickers hardness as the 
temperature increased in room temperature conditions of 20 ℃. Past room 
temperature the Vickers hardness begins to increase as the temperature 
increases to peak at about 200 ℃.  
The ageing response shows that the alloy’s Vickers hardness increases within the 
shorter time period similar to that of reheating phase times in UHQ and CUHQ. 
Vickers hardness is orientation dependent. Within a UHQ and CUHQ reheating 
phase there is an increase in Vickers hardness, thus increasing the resistance 
towards plastic deformation. This increase in resistance to plastic deformation 
makes the whole UHQ and CUHQ process less efficient. The conclusions that can 
be drawn from this are that for UHQ and CUHQ to be as efficient as possible the 
process needs to decrease the time period exposed to high temperatures to keep 
the increase in Vickers hardness to a minimum.  
5) The repeatability studies showed with the low standard deviation that the CUHQ 
and UHQ experiments were repeatable. This indicates actual experiments, the 
repeatability studies, would show consistent results.  
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6) Accurate FEA models of the longitudinal orientation stresses in the long axis of 
the test piece were created. Short transverse orientation stresses in the 
transverse of the long axis were not accurate. No major relief of residual stresses 
was achieved in the UHQ models. Despite using the exact same heat transfer 
coefficient values for the CUHQ and UHQ steam, no major relief occurred to the 
stresses of the UHQ models. This would indicate that most of the relief of the 
residual stresses came from the thermomechanical constraint instead of the 
thermal relief.   
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11  RECOMMENDATIONS 
 RECOMMENDATIONS FOR CONSTRAINED AND STANDARD UPHILL QUENCHING 
1) It is important to move the test piece into the cooling phase as soon as possible 
after a quench or the test piece will begin to naturally age. If the cooling phase 
is not possible at that time it is good practice to keep the test piece in ice. Keeping 
the sample in ice water (0 ℃) is also good practice as it will pre-cool the test 
piece. Doing this instead of cooling the test piece straight away from room 
temperature will save the amount of liquid nitrogen that is boiled off when 
cooling. 
2) It is recommended that abrading the surface with a high grade of sand paper (grit 
600) should be used before each quench to remove any oxidation to keep the 
conditions of the experiment consistent.  
3) Time temperature curves showed the emphasis of shortening the time between 
removing the test piece from the liquid nitrogen and the reheating phase. If a 
time of < 30 seconds could be achieved more thermal relief could have been 
possible.  
4) An experiment could be done for a UHQ using the chemicals liquid helium and 
perfluormethadaclin. The temperature would range from -269 ℃ in the cooling 
phase to 142 ℃ in the UHQ reheating phase. This would make a temperature 
difference of 411 ℃. If this method using liquid helium as a coolant and 
perfluormethadaclin as an uphill quenchant were used in this thesis’s 
experiments, the quench temperature range would be from 470 ℃ to 60 ℃ 
giving a quenching temperature range of 410 ℃. There would only be a negligible 
difference of 1 ℃ between the quench and the proposed method temperature 
range, indicating a high relief in residual stress.  
 RECOMMENDATIONS FOR POST QUENCH DELAY 
1) A longer block could be used to increase the amount of strain for the percentage 
of deformation decided. It is believed that more accurate surface residual 
stresses could be obtained if such an approach was taken. 
 RECOMMENDATIONS FOR AGEING RESPONSE AT 100 ℃ 
1) When testing, keep the testing orientation constant, as the Vickers hardness 
differs from one orientation to another. 
2) For the test pieces that were aged over a longer period of time there was 
significant oxidation on the surface of the sample making it hard to see and 
measure the indent. It is good practice to remove this thin layer of oxide with 
high grade sandpaper on the indent face. This will not affect the Vickers hardness 
as only a small amount of material is removed. 
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 RECOMMENDATIONS FOR TEST RIG DESIGN 
1) The possibility of scaling up the entire process is achievable and by adjusting the 
design more complex geometric test pieces could be used.  
2) Adding a pressure gauge inside the steam test rig would allow for more accurate 
pressure readings. 
 RECOMMENDATIONS FOR TIME TEMPERATURE CURVES 
1) Adding thermocouples to specific areas on the test rig would have led to more 
accurate FEA models. Heat transfer coefficient values could have been applied 
instead of temperature boundary conditions for the reheating steps of the CUHQ 
models.   
 RECOMMENDATIONS FOR RESIDUAL STRESS MEASUREMENT 
1) To measure the core residual stresses, neutron diffraction would be the best 
non-destructive method. Two d (o) samples would need to be made, solution 
heat treatment and quenching into 60 ℃ water and PAG (30 % concentration). 
2) Due to all the samples having different heat treatments, artificial aging would 
need to be carried out. Artificial age hardening for aluminium alloy 7449 requires 
heat treatment for 6 hrs at 120 ℃ followed by 10 hrs at 160 ℃. Residual stresses 
will be relieved post artificial aging.   
 RECOMMENDATIONS FOR OBTAINING CRYOGENIC MATERIAL DATA 
1) Cryogenic tensile testing would be the best way to obtain material data at low 
temperatures post solution heat treatment. As stated in section 8 sourcing 
material data as a function of temperature that was not artificially aged was 
difficult. Generating some new data would have been beneficial and would have 
increased the accuracy of the FEA models.   
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Appendix A  EXPERIMENTAL APPARATUS 
This section will look at the equipment used for this thesis.  
 
Figure A-1: Liquid nitrogen tank container (polystyrene) 
 
 




Figure A-3: Ghidini Maxi 60 steam generator 
 




Figure A-5: Instron Wolpert MST VICK 3 Vickers hardness tester
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Appendix B MANUFACTURING DRAWINGS  
Appendix B.1 CONSTRAINED UPHILL QUENCHING WATER BATH TEST RIG DIMENSIONS 
 
Figure B-1: Constrained uphill quenching water bath test rig exploded view 
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Figure B-2: Constrained uphill quenching, part casing 
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Figure B-3: Constrained uphill quenching water bath, part shim 
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Figure B-4: Constrained uphill quenching water bath, part test piece A 
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Figure B-5: Thermocouple test piece A 
132 
Appendix B.2 CONSTRAINED UPHILL QUENCHING STEAM TEST RIG DIMENSIONS 
 
Figure B-6: Constrained uphill quenching steam test rig exploded view 
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Figure B-8: Constrained uphill quenching steam, part sealing plate 
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Figure B-9: Constrained uphill quenching steam, part sealing plate with drainage valve and pressure regulator holes 
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Figure B-11: Constrained uphill quenching steam, manifold box section 
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Figure B-12: Constrained uphill quenching steam, manifold inlet and outlet 
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Appendix B.3 TEST PIECE G  
 
Figure B-13: Thermocouple test piece G 
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Appendix B.4 MANIFOLD AND PLUMBING DESIGN 
Instead of having 16 extensions coming from the steam generator, is was decided to 






























Appendix C X-RAY DIFFRACTION SOFTWARE PACKAGES 
 
 
Figure C-1: Philips X’Pert software package ‘data collection’ 
 
 








Appendix D REPEATABILITY STUDY OF TEST PIECE G 
Test piece G had similar geometry to test piece B and test pieces C. It was thought with 
obtaining time temperature data a FEA simulation could be achieved. However, test 
piece G did not produce accurate enough time temperature data for a successful FEA 
simulation. Hence, why the data was moved to the appendix. 
Figure D-1 represents cooling rate curves that were calculated by taking the slope 
between each temperature and time point. This figure shows why the Excel data 
sampling tool was needed to lower the amount of data needed.  
 
Figure D-1: Example water quench 60 ℃ no agitation cooling rates thermocouples surface 1, surface 2 and core of 
data before using data analysis sampling tool in Excel 
For test piece G the average surface temperature was taken from the two surface 
thermocouples (surface 1 and surface 2). See Figure D-2, for all the previously 
mentioned thermocouples placement. The thermocouples used in test piece G were not 
the most accurate at lower temperatures. They stated that the test piece was only -
177 ℃ and never went any lower. This was originally thought to have been a calibration 
error with the software. However, when different type K thermocouples were used in 
test piece A this error disappeared. This was decided to be down to the specification of 
the particular type K thermocouple used in test piece G, as even when some 
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Figure D-2: Test piece G’s thermocouple name allocation 
Appendix D.1 WATER QUENCHING 60 ℃ REPEATABILITY STUDY OF TEST 
PIECE G 
Two types of quenching were carried out when quenching into 60 ℃. The first procedure 
was with no agitation and second procedure was with agitation to the test pieces as they 
were being quenched. A repeatability study was carried out for both cases 
Appendix D.1.1 Water quenching 60 ℃ with no agitation, 
repeatability study of test piece G 
Figure D-3 represents quench 4 Table D-1. The figure had its readings taken at 10 Hz. 
The quench lasted around 200 seconds to fully reach 60 ℃. Quench 5 was unsuccessful 
as the hole surrounding the surface 2 thermocouple cracked and gave inaccurate data. 
However, the maximum temperature difference occurred within the first few seconds 
of the quench. During each quench the test piece was held in the middle of the tank so 
all surfaces could be cooled evenly. This is not always possible if the test piece is left at 
the bottom of the water tank, as one surface begins to heat the tank’s inner surface 
slowing the quench.  
There was 10.47 ℃ between the average cooling rate range of 400 to 250 ℃/s surface 
1 and surface 2 thermocouples in Table D-1. Surface 1 and surface 2 have different 
surface areas which would explain this difference. This difference in surface area would 
impact the heat transfer. The standard deviation looks higher than what would be liked 
in cooling rate surface 1 and 2. However, looking at the coefficient of variation they can 
both be conceived as low values. The cooling rate for the core over a range of 400 to 
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250 ℃/s over the 4 quenches all had very similar results, hence why the similar average 
and extremely low standard deviation. The maximum temperature difference had an 
acceptable low standard deviation value.  
 
 
Figure D-3: Time, temperature and cooling rate curves of test piece G when solution heat treated and quenched 
into 60 ℃ with no agitation 
 










Max ΔT (℃) Time of 
max ΔT (s) 
Quench 1 -72 -52 -31 182 5 
Quench 2 -81 -69 -31 178 7 
Quench 3 -60 -58 -32 169 5 
Quench 4 -92 -83 -32 179 5 
Average -76 -66 -31 177 6 
Standard 
deviation 




18% 21% 1% 3% 15% 
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Appendix D.1.2 Water quenching 60 ℃ with agitation, repeatability 
study of test piece G 
Figure D-4 represents quench 5 in Table D-2. The figure had its readings taken at 10 Hz 
and the quench lasted around 60 seconds to be a uniform 60 ℃. Quench 1 was 
unsuccessful as this quench was to seal the thermocouples into the new test piece G2. 
The previous test piece G cracked and was then unusable so a new test piece of similar 
dimensions and type of thermocouples replaced it.  
There was a 67 ℃ difference between the average cooling rate range of 250 to 400 ℃/s 
surface 1 and surface 2 thermocouples in Table D-2. Surface 1 and surface 2 have 
different surface areas which would explain this difference during agitation. This 
difference in surface area impacted the heat transfer. The standard deviation looks 
higher than what would be liked in cooling rate surface 1 and 2. However, looking at the 
coefficient of variation they can both be conceived as low values. The cooling rate for 
the core over a range of 250 to 400 ℃/s over the 4 quenches all had very similar results 
hence the similar average and extremely low standard deviation. The maximum 




Figure D-4: Time, temperature and cooling rate curves of test piece G when solution heat treated and quenched 
into 60 ℃ with agitation 
Table D-2: Cooling rates range between 250 to 400 ℃ for test piece G quenched at 60 ℃ with no agitation 








Max ΔT (℃) Time of 
max ΔT (s) 
Quench 2 -120 -76 -45 126 3 
Quench 3 -190 -93 -46 132 2 
Quench 4 -167 -135 -44 144 2 
Quench 5 -209 -113 -45 137 2 
Average -171 -104 -45 135 2 
Standard 
deviation 




22% 24% 2% 6% 9% 
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Appendix D.1.3 Comparison of water quenching 60 ℃ repeatability 
study of test piece G 
This section looks to compare the effects of agitation and non-agitation whilst 
quenching with test piece G in sections Appendix D.1.1 and Appendix D.1.2. It is known 
that from X-ray diffraction results found in 6.1 that there is little difference between the 
residual stresses for agitated and non-agitated quenches. However, the material’s 
mechanical properties could be slightly different. There is a time difference of 140 
seconds between the two quenches. Table D-3 compares the average values Table D-1 
and Table D-2, taking the absolute difference. The quenches were vastly different with 
exceptions to the cooling rate core and the time of max ΔT values.  
The standard deviation in agitated quenches is much higher than the non-agitated 
quenches cooling rate for both surface thermocouples. This could be due to variations 
in the amount of agitation during manual agitation despite best practice. The core 
cooling rate seems to be unaffected greatly by agitation when compared to non-agitated 
results. An unexpected result came from the max ΔT value between the core and 
average surface values. Despite the agitation results having higher cooling rates the 
expected results for the maximum difference in temperature were thought to be higher 
than those in the no agitation. However, this was not the case. It would seem the lower 
the cooling rates the higher the max ΔT values will be.  
Table D-3: Absolute differences between quenching variables of agitated and non-agitated test piece G quenched 
into 60 ℃ water 














Average  95 38 14 42 4 




Appendix D.1.4 Comparison of water quenching 60 ℃ with agitation 
repeatability study of test pieces A and G. 
This section compares the two agitated test pieces A and G found in sections 7.2 and 
Appendix D.1.2. The conditions of the quenches were the same with exception to the 
mass and geometry of the test pieces. There was a 1.16 kg difference in mass. As 
expected test piece G had the longer cooling time with a difference of 40 seconds.  
Comparing the quenching variables numerically, as done in section Appendix D.1.3, was 
not possible as test piece A had many more thermocouples then test piece G. However, 
it can be noted that the average cooling rates in test piece A were higher. This is due to 
test piece A’s cooling time. Test piece G’s max temperature difference are higher than 
test piece A with a longer time for the max temperature difference to occur. This is due 
to the increased half thickness of test piece G. Both test pieces had very similar standard 
deviations which was expected when both test pieces were agitated in the same 
manner. 
Appendix D.2 UPHILL QUENCHING REPEATABILITY STUDY OF TEST PIECE G 
Note that in none of the experiments the test piece reached 100 ℃. This was due to the 
hot water tank not having enough thermal energy to keep the boiling water at 100 ℃ 
when test piece G was immersed. 
It can be noted that in Figure D-5 and Figure D-6 how rough the heating rate curves are. 
This is because when trying to smooth out the data by removing certain data points 
using the data analysis sampling method the actual representation of the peaks was lost. 
Therefore, it was decided to run the data sampling method after the major peaks. A 
huge amount of the heating rate occurred within less than 1 second of being immersed 
in boiling water. After -150 ℃ the heating rate declined to near zero. The temperature 
rises quickly before being immersed into the quenchant. The peaks of the heat rates are 
due to the immersion into boiling water. 
Appendix D.2.1 Uphill quenching using boiling water with no 
agitation, repeatability study of test piece G 
Figure D-5 represents quench 5 in Table D-4. The uphill quench took about 120 seconds 
to reach close to 100 ℃. Maximum heat rates occurred at low temperatures. 
The time of max ΔT occurred within the first couple seconds of the process. A low 
standard deviation was obtained. With low values of standard deviation, the coefficient 
of variation was not the best representation of the results. The average heating rates of 
the thermocouples have a maximum of 0.2 ℃/s difference between them. The highest 




Figure D-5: Time, temperature and heating rate curves of test piece G when uphill quenched with no agitation in 
boiling water 










Max ΔT (℃) Time of 
max ΔT (s) 
Quench 2 4.1 4.0 4.0 55.1 2.1 
Quench 3 3.6 3.4 3.5 51.3 2.3 
Quench 4 3.9 4.5 3.6 54.3 1.8 
Quench 5 3.9 3.4 3.5 52.5 2 
Average 3.9 3.8 3.7 53.3 2.1 
Standard 
deviation 




5% 14.1% 7.1% 3.2% 9.1% 
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Appendix D.2.2 Uphill quenching using boiling water with 
agitation, repeatability study of test piece G 
Figure D-6 represents quench 4 on Table D-5. The uphill quench took about 60 seconds 
to reach a uniform temperature near to 100 ℃. The maximum heating rate curves 
occurred at very low temperatures, as in section Appendix D.2.1.  
The standard deviation in Table D-5 has good low values for the heating rate ranges. The 
value rises in the max ΔT and the time of max ΔT column. This is due to quench 4 having 
the lowest max ΔT of 73.3 ℃ at 12.3 seconds. This is most likely to be because the test 
piece not having been agitated properly. The manual agitation preformed was not 





Figure D-6: Time, temperature and heating rate curves of test piece G when uphill quenched with agitation in 
boiling water 










Max ΔT (℃) Time of 
max ΔT (s) 
Quench 1 10.2 7.9 8.3 82.5 7.8 
Quench 2 10.9 8.8 9.6 82.9 7.2 
Quench 3 11 8.9 9.3 81.3 8.3 
Quench 4 11 8.9 9.3 73.3 12.3 
Average 10.8 8.6 9.1 80 8.9 
Standard 
deviation 




3.5% 5.7% 6.3% 5.7% 26.5% 
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Appendix D.2.3 Comparison of uphill quenching using boiling water 
with agitation and no agitation of test piece G.  
This section compares the results found in sections Appendix D.2.1 and Appendix D.2.2. 
It can be seen that quenching with agitation took half the time than without agitation. 
The reheating rates for both methods on average were higher in values over a range of 
-100 to 50 ℃. The max ΔT between the average surface and core was 26.7 ℃ higher with 
agitation. The most divergent of the two results can be seen in the ΔT of x ̄surface and 
core curve (light blue). With no agitation the maximum point of these curves throughout 
the quenches occurred on average at 2.1 seconds then rapidly dropped. With agitation 
the curves followed the same slope of no agitation but then changed in slope again. This 
initial slope seen in both figures can be assumed to be the first few seconds of the test 
piece entering the water. With no agitation, not enough heat transfer occurs for the thin 
layer of ice to melt quickly. Agitation allowed for more heat transfer through forced 
convection. The same was stated in Robinson et al. (2019). UHQ with boiling water and 
no agitation has lower standard deviations than with agitation. Results drawn from this 
are that the agitation effects the maximum temperature difference between the core 
and surface the most and only a slight increase to the heating rates.  
Appendix D.2.4 Uphill quenching using 100 kPa steam repeatability 
of test piece G 
Figure D-7 represents quench 4 on Table D-6. All the quenches roughly took about 80 
seconds to complete depending on the time taken to load the test pieces. This loading 
time did vary as it was done manually and required latches to be set.  
The standard deviation is reasonable. It is higher than the results achieved in sections 
Appendix D.2.1 and Appendix D.2.2 which use test piece G.  
The results from Figure D-7 and Table D-6 can be compared to results found in Robinson 
et al. (2019). The results there used the same sized test piece and same steam pressure. 
However, here four nozzles were used instead of two. The maximum temperature 
difference achieved was 164 ℃ and occurred at 9.5 seconds as in the paper stated 
previously. This occurred much faster than the results achieved in Table D-6. This was 
due to the rate at which the steam was released at the beginning of this phase, also the 
way the data is represented. It was noted that as the test piece was being loaded into 
the test rig the temperature of the test piece rose at a rate that should be recorded 
before any steam was applied. Table D-7 shows the percentage surface area in which 
the steam impact zone directly covered. With these low values only localised effects 
could have occurred.  
Knowing the exact temperature and pressure is a difficult part of this experiment. 
Assuming the steam was only latent heat energy would be inaccurate, as the sample 
only reached 100 ℃. If the steam was above 100 ℃ then it would be possible to assume 
latent heat energy.  
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Figure D-7: Time, temperature and heating rate curves of test piece G when uphill quenched with steam at 100 
kPa 
Table D-6: Heating rates range of -100 to 50 ℃ for test piece G uphill quenched with steam at 100 kPa 
Quench Heating 
rate surface 








100 - 50 
(℃/s) 
Max ΔT (℃) Time of 
max ΔT (s) 
Quench 1 24.2 33.2 16.4 178.7 26.4 
Quench 2 22.6 34 12.7 162.7 19.9 
Quench 3 21.9 26.8 7.5 176.9 32.8 
Quench 4 22.2 25.7 7.5 178 20 
Average 22.7 29.9 11.1 174.1 24.8 
Standard 
deviation 




4.5% 14.2% 39.3% 4.4% 24.8% 
 
Table D-7: Percentage of surface area of test piece G impinged by steam jets during uphill quenching  
Surface Surface area impinged by steam jets (%) 
Small surface 5 
Large surface 8 
Full surface area 3 
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Appendix E ABAQUS 
Appendix E.1 MECHANICAL AND THERMAL PROPERTIES 
Finding temperature dependant material data proved very difficult and compromises 
were made. Some of the data came from multiple sources for one type of material data. 
The material from those sources were not always the same but were very close to the 
material used experimentally. These literature material data had differences such as 
ageing time, quenching temperatures and variant alloy. Having the wrong material data 
influenced the results greatly.  
Appendix E.1.1 7000 series aluminium alloy mechanical and 
thermal properties 
Mechanical and thermal properties for 7000 series aluminium alloys can be found in 
Figure E-1 through to Figure E-5. Sub-zero material data for aluminium alloy 7449 was 
difficult to source. However, one paper by Yoshihara et al. (1992) had most of the data 
required to run a successful model. The aluminium alloy material used in that study was 
aluminium alloy 7075. Aluminium alloy 7449 has close mechanical properties to 7075 so 
this was not taken as a major issue. The material data needed was a function of 
temperature within a range of -197 to 470 ℃. 
Plastic yield values had to be straight after solution heat treatment. No age or artificial 
hardening data could be taken for these values. Due to the test piece being plastically 
deformed over a variety of temperatures the work hardening rate had to be used also. 
The rate dependent yield ratio option was selected for this. The yield ratio is the ratio 
between the yield strength and the tensile strength. This data was not easily found in 
the as quenched condition. This was remedied by finding the yield ratio of a similar 
aluminium 7000 series alloy and applying that yield ratio to the yield stress used from 
Yoshihara et al. (1992). Other plastic data in Yoshihara et al. (1992) was not suitable for 
this problem as it was 7075 in the T73 condition, which is a specific artificial ageing 
temperature. The yield ratio was obtained from Kaufman (1999). The strain rate was not 
stated in Kaufman (1999). However, looking at a standard strain rate outlined in ASTM 
(2013) it was found to be 0.005 +- 0.002 mm/mm/min. The yield stress ratio in 





Figure E-1: Plastic data work hardening yield stress ratio data (Kaufman 1999) 
 
 
Figure E-2: Material properties young’s modulus, yield stress and coefficient of thermal expansion of 7075-T7352 








































































































































































Figure E-5: Material property Poisson’s ratio (Stokes 1960; Naimon et al. 1975; McLellan and Ishikawa 1987; 
Committee 1990; Housh et al. 1990; Sakai et al. 1996; Sharma 2000; Lalpoor et al. 2009) 
 
Appendix E.1.2 Steel alloy 1045 mechanical and thermal properties 
Mechanical and thermal properties for steel alloy 1045 can be found in Figure E-6 
through to Figure E-9. The material properties for steel were not all in the one reference, 
see Table E-1. Finding all the material properties as a function of temperature for the 
steel alloy used in this thesis proved difficult. So, other steels that had properties close 
to steel alloy 1045 were used. Material property as a function of temperature ranging 
from -200 to 120 ℃ was not always available and multiple references were needed. This 
always resulted in some errors between the two separate referenced data and was fixed 
by excluding data that was an extreme outlier to the curves.  
Originally, it was thought that temperature data applied to the mechanical and thermal 
properties was only needed from room temperature upwards for the steel test rig. 
However, it was determined that when the test piece came in contact with the steel, 
not only did the test pieces in contact with the edge begin to rise in temperature but 
that also the faces in contact with the test piece begin to lower below room 
temperature. It was unknown how the temperatures of the steel contact faces cooled 
when in contact with the cryogenic test piece. Therefore, it was assumed that the steel 
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Figure E-7 20 – 120 variations of 
high and low 
carbon steels 
(Fang et al. 
2015) 
Density 








20 – 120  low carbon 
steel 
(Joo et al. 
2004) 
 
Note: room temperature is assumed to be 20 ℃.   
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Figure E-6: Material properties Young’s modulus, yield stress, tensile stress and yield stress ratio of multiple steel 




Figure E-7: Material properties conductivity and specific heat capacity of multiple steel alloys (Marquardt et al. 





































































































Figure E-8: Material properties density of multiple steel alloys taken from (Joo et al. 2004; F.R. Schwartzberg and 
Knight AD713619 (1970)) 
 
 
Figure E-9: Material properties Poisson’s ratio and coefficient of expansion of steel alloys (Fukuhara and Sanpei 








































































Appendix E.2 MESH SENSITIVITY STUDY 
The mesh density needs to be higher than 6E6 elements/m3 for sufficient accuracy 
(Tanner 1999). For CUHQ models the mesh density was determined by the initial quench 
for the first part of the solution, see Figure E-10. The mesh density of this model was 
33.1E6 elements/m3. This meant a bulk mesh of 0.003 was chosen.  
The UHQ models mesh density was determined by the UHQ boil model. A high mesh 
density of 65E6 elements/m3 was decided upon, giving a bulk mesh of 0.0025.  
 
































Appendix E.3 BIOT NUMBER 
If the Biot number exceeds 0.1 the test pieces temperature gradient during the quench 
is not uniform and residual stresses will be generated (Robinson et al. 2014a). 
At each stage of CUHQ, UHQ and quenching phases there are three distinct quench 
phases as explained earlier in section 2.9. The heat transfer coefficient changes in value 
depending upon which phase of the quench it is in, shown in papers Ulysee and Schultz 
(2008), Ulysse (2009), Hasan et al. (2009) and J. Robinson et al. (2012).   (Ulysse and 
Schultz 2008; Ulysse 2009) (Hasan et al. 2011; J. Robinson et al. 2012) 
Using Abaqus, time, temperature and heat flux values generated during the 2D heat 
transfer analysis along with Equation 3-1, Equation 3-2 and Equation 3-3, the Biot 
number can be calculated. The average Biot number during the time of quenches will be 
compared to one another. A Lc (characteristic length) of 6 mm was calculated. A k 
(thermal conductivity) value of 125 W m℃⁄  taken from Figure E-4 at room temperature 
conditions. Room temperature conditions for k was decided on in order to simplify the 
calculation. All models have shown indications that residual stresses have been 
generated with all having high Biot numbers, see Table E-2.  
Table E-2: Average Biot number from the heat transfer results 
Model Average Biot number 
Agitated 60 ℃ quench 1 
UHQ boil 0.3 
CUHQ boil 0.1 




Appendix E.4 2D HEAT TRANSFER  
This section will show the quenching or reheating phases time parameters, for each of 
the models run. 
Appendix E.4.1 Finite element analysis Quench 60 ℃ 2D heat 
transfer 
Table E-3: Abaqus INP file time parameters Quench 60 ℃ 2D heat transfer 
** STEP: Step-Quench 60 
*Step, name="Step-Quench 60", nlgeom=NO, inc=100000 
*Heat Transfer, end=SS, deltmx=10. 
Initial time inc., total time period, min time inc. allowed, max time inc. allowed 
0.05, 20., 1e-06, 10., 0.01 
 
Appendix E.4.2 Finite element analysis Constrained uphill quench 
boil 2D heat transfer 
Table E-4: Abaqus INP file time parameters constrained uphill quench boil 2D heat transfer 
** STEP: Step-CUHQ boil 
*Step, name="Step-CUHQ boil", nlgeom=NO, inc=100000 
*Heat Transfer, end=SS, deltmx=10. 
Initial time inc., total time period, min time inc. allowed, max time inc. allowed 
0.05, 450., 1e-06, 10., 0.01 
 
Appendix E.4.3 Finite element analysis Constrained uphill quench 
and uphill quench steam 2D heat transfer 
Table E-5: Abaqus INP file time parameters constrained uphill quench and uphill quench steam 2D heat transfer 
** STEP: Step-CUHQ and UHQ steam 
*Step, name="Step- CUHQ and UHQ steam ", nlgeom=NO, inc=100000 
*Heat Transfer, end=SS, deltmx=10. 
Initial time inc., total time period, min time inc. allowed, max time inc. allowed 
0.05, 450., 1e-06, 10., 0.01 
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Appendix E.4.4 Finite element analysis Uphill quench boil 2D heat 
transfer 
Table E-6: Abaqus INP file time parameters uphill quench boil 2D heat transfer 
** STEP: Step-UHQ boil 
*Step, name="Step-UHQ boil", nlgeom=NO, inc=100000 
*Heat Transfer, end=SS, deltmx=10. 
Initial time inc., total time period, min time inc. allowed, max time inc. allowed 
0.049, 40., 1e-06, 10., 0.01 
 
Appendix E.5 3D COUPLED TEMPERATURE DISPLACEMENT  
 
Appendix E.5.1 Finite element analysis Quench 60 ℃ 3D coupled 
temperature displacement 
Table E-7: Abaqus INP file time parameters Quench 60 ℃ 3D coupled temperature displacement  
STEP: Step-Quench 
*Step, name=Step-Quench, nlgeom=YES, inc=100000 
*Coupled Temperature-displacement, creep=none, deltmx=100. 
Initial time inc., total time period, min time inc. allowed, max time inc. allowed 
1., 30., 1e-06, 30. 
 
Appendix E.5.2 Finite element analysis CUHQ boil 3D coupled 
temperature displacement 
Table E-8: Abaqus INP file time parameters constrained uphill quench boil 3D coupled temperature displacement  
STEP: Step-CUHQ boil 
*Step, name="Step-CUHQ boil", nlgeom=NO, inc=100000 
*Coupled Temperature-displacement, creep=none, deltmx=100. 
Initial time inc., total time period, min time inc. allowed, max time inc. allowed 
1., 300., 1e-06, 300. 
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Appendix E.5.3 Finite element analysis CUHQ steam 3D coupled 
temperature displacement 
Table E-9: Abaqus INP file time parameters constrained uphill quench steam 3D coupled temperature displacement  
STEP: Step-CUHQ steam 
*Step, name="Step-CUHQ steam", nlgeom=NO, inc=100000 
*Coupled Temperature-displacement, creep=none, deltmx=1000. 
Initial time inc., total time period, min time inc. allowed, max time inc. allowed 
1., 105., 1e-06, 105. 
 
Appendix E.5.4 Finite element analysis UHQ boil 3D coupled 
temperature displacement 
Table E-10: Abaqus INP file time parameters uphill quench boil 3D coupled temperature displacement  
STEP: Step-UHQ boil 
*Step, name="Step-UHQ boil", nlgeom=NO, inc=100000 
*Coupled Temperature-displacement, creep=none, deltmx=100. 
Initial time inc., total time period, min time inc. allowed, max time inc. allowed 
1., 30., 1e-06, 30. 
 
Appendix E.5.5 Finite element analysis UHQ steam 3D coupled 
temperature displacement 
Table E-11: Abaqus INP file time parameters uphill quench steam 3D coupled temperature displacement  
** STEP: Step-UHQ steam 
*Step, name="Step-UHQ steam", nlgeom=NO, inc=100000 
*Coupled Temperature-displacement, creep=none, deltmx=1000. 
Initial time inc., total time period, min time inc. allowed, max time inc. allowed 
1., 40., 1e-06, 40. 
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Appendix F PRE-LOADED BOLT FORCE 
Using Equation 3-10 the pre-loaded force applied to test pieces A was calculated. This 
pre-load force is important to keep as constant as possible during the other CUHQ 
experiments.  
Using the Equation 3-6 and Equation 3-7 the force produced by test piece A during CUHQ 
using boiling water and 200 kPa steam were calculated. Using these calculated forces 
the required torque was calculated using Equation 3-10. The calculated forces were 
divided by four as there were four bolts. A factor of safety of 1.5 was applied with a 
round up to sets of 5, see Table F-1 for results. 
In earlier experimental attempts the torque wrench was not used and bolts were quickly 
tightened with an Allen key. The torque of each of these bolts was then measured 
afterwards. All bolts had a torque <10 Nm. This allowed the test piece to expand and the 
torque wrench method was added accordingly to the process.  
Table F-1: Pre-load bolt force and torque needed 
Reheating 
method 




7.26E+04 30 45 




Appendix G SPRING BACK 
It was noted that in the experiments carried out in sections 6.8 and 6.9 the percentage 
of experimental cold compression wanted was never achieved at these lower 
percentages. The test piece was not perfectly plastically deforming and would elastically 
come back slightly to its original height post cold compression. This term was called 
spring back.  
For each cold compression that took place the calculated percentage of cold 
compression and the actual experimental cold compression was noted. The difference 
in percentages of cold compression was noted for the entire average difference. The 
average spring back axis was the average of all the deformation on all four edges of the 
test piece and the middle. When each cold compression took place it was noted the 
actual perfect plastic deformation wanted to be achieved or calculated percentage of 
cold compression. It was also noted the amount of spring back that the test piece 
achieved post cold compression. These calculated cold compression and experimental 
cold compression percentages were plotted against the average spring back distance in 
Figure G-1.  
The calculated and experimental cold compression see in Figure G-1 had an average 
difference of 0.38 % cold compression. This graph became a useful tool when trying to 
predict how much experimental cold compression was wanted when populating the 
graphs in Figure 6-6, Figure 6-9 and Figure 6-10. 
 






























Appendix H MICRO ETCHING  
Micro etching was done to examine the grain structure and boundaries of test piece F 
that was subject to the UHQ method using steam. This was done to see if UHQ using 
steam effected the micro structure in any way. 
Appendix H.1 PROCEDURE MICRO ETCHING: 
1) Cut out three small cubes 10x10x10 mm from a test piece F, see Figure H-1. 
2) Using the cubes facing the L (longitudinal), ST (short transverse) and the LT 
(longitudinal transverse) orientations place them in Mounter SimpliMet 1000, 
see Figure H-2, and add the phenolic mounting compound to make the face level 
and flat, see Figure H-3. 
3) Remove all spurs and burs. Use different gradients of sandpaper to smooth down 
the surfaces. 
4) Use a 6 μm polisher for 10 minutes, wipe and dry clean. 
5) Use a 3μm polisher for 5 minutes, wipe and dry clean. 
6) Micro etch the surface using Keller’s regent. Apply the agent to the surface of 
the cube and wait 30 seconds.  
7) Flush with alcohol and fan dry. 
8) Examine the surface of the cubes under a microscope increasing the 
magnification systematically until the microstructure grains comes into 
perspective. Take pictures of the magnified results. 
 
Figure H-1: Dimensions for the cubes to be cut out of test piece F 
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. 
Figure H-2: Mounter SimpliMet 1000 
 
 
Figure H-3: Micro etch test pieces in the longitudinal, short-transverse and the longitudinal transverse orientations 
post etching 
 
Appendix H.2 RESULTS AND DISCUSSION MICRO ETCHING 
The microstructure of test piece F consisted of approximately ‘pancake’ shaped grains 
flattened in the LT and ST orientation. Main grain length being on average about 600 μm 
in the LT orientation, shown in Figure H-4. The main grain length being about 2000 μm 
in the ST orientation shown in Figure H-5. In the L orientation there are polygonised 
equiaxed sub-grains. The mean diameter of the sub-grains was about 100 μm, shown in 
Figure H-6. 







Figure H-4: Longitudinal transverse orientation 10x magnification micro etch 
 




Figure H-6: Longitudinal orientation 10x magnification micro etch 
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Appendix I HOT CAUSTIC MACRO ETCH 
Hot caustic macro etching was done to examine what the effects of UHQ using steam 
does to the macro grain structure and boundaries of test piece F. 
Appendix I.1 PROCEDURE HOT CAUSTIC MACRO ETCH 
1) Grind the L, ST, LT sides of test piece F through multiple grains of sandpaper until 
smooth, wiping clean and drying after each increase in grain. 
2) Use a 6 μm polisher for 10 minutes, wipe and dry clean. 
3) Use a 1 μm polisher for 5 minutes, wipe and dry clean, see Figure I-1. 
4) Etch the test piece in a solution of 10% NaOH and water at a temperature of 70 
℃ for 1.5 minutes, Figure I-2. 
5) Rinse immediately in water. 
6) Clean test piece in a solution of 50 % HNO3 and water. 
7) Again rinse with water. 
8) Flush with alcohol and fan dry. 
 
 




Short transverse face 





Figure I-2: Hot caustic macro etching apparatus 
 
Appendix I.2 RESULTS AND DISCUSSION OF HOT CAUSTIC MACRO ETCHING 
The micro and hot caustic macro etches did not show any major results. Any odd results 
would indicate that UHQ using steam affects the grain structure and boundaries which 
it should not. UHQ reheats the sample below the artificial ageing temperature. The hot 
caustic macro etch showed the test piece to be homogenous as there were no distinctive 
patterns or swirls present. 
It was noticed that during the experiment the surface of the test piece when exposed to 
the 10% NaOH sodium hydroxide solution, the surface turned black in colour. This 
reaction was the formation of a thin layer of what is commonly known as smut (oxidised 
aluminium). Sodium aluminate and hydrogen were formed as a by-product of the 
reaction between aluminium and sodium hydroxide. This thin layer of smut could have 
possibly protected the surface of the test piece from further etching. The etching 
process was carried out twice to achieve a more visible result. The hot caustic macro 
etch was carried out on the L, ST and LT orientations non forged side faces without any 
cuts from the micro etch experiment.  
The sample was slightly under-etched but clear ‘pancake’ shaped grains flattened in the 
LT orientation are visible all the way up this face, see Figure I-3. Which is the same as 
the results in the micro etch experiment in the LT orientation, see Figure H-4. There are 
three very slight sections on this face split quite evenly into about 42 mm in length each. 
The right and left sections grains were slightly angled inward towards the middle of the 
original forged block so from the forged face towards the cut face interior of test piece 
F. Grains in the middle section had no angle. The differences between the three sections 
may be because test piece F was cut from a bigger forged block and the grains closer to 
the surface the right and left sections formed grains angled towards the centre. 
10% NaOH 
and water 
at 70 ℃ 
50% HNO3 
and water 
Alcohol Water  
175 
On the ST face there are very slight boundaries visible, see Figure I-4. The grains are very 
thin and hard to see. This can be confirmed by looking at the micro etch results seen in 
Figure H-5 as to how difficult the grain boundaries are to see even under magnification.  
On the L face there were no distinct patterns or swirls as might be found on other forged 
test pieces, see Figure I-5. This would indicate that the test piece would be homogenous 




Figure I-3: Longitudinal transverse orientation macro etch 
 
 
Figure I-4: Short transverse orientation macro etch 
 
 
Figure I-5: Longitudinal orientation macro etch 
Left section 
slight negatively 
slope left to 
right. 
Middle section no slope. 
Right section 
slight positive 
slope left to 
right. 
Forged face 
Cut face  
Forged face 
Cut face 
Cut face  
